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Abstract 
 
Hydrological modelling is a powerful tool for hydrologists and engineers involved in 
the planning and development of integrated approach for the management of water 
resources. With the recent advent of computational power and the growing 
availability of spatial data, RS and GIS technologies can augment to a great extent 
the conventional methods used in rainfall runoff studies; it is possible to accurately 
describe watershed characteristics in particularly when determining runoff 
response to rainfall input. The main objective of this study is to apply the potential 
of spaceborne SAR data for soil moisture retrieval in order to improve the spatial 
input parameters required for hydrological modelling. For the spatial database 
creation, high resolution 2 m aerial laser scanning Digital Terrain Model (DTM), soil 
map, and landuse map were used. Rainfall records were transformed into a runoff 
through hydrological parameterisation of the watershed and the river network using 
HEC-HMS software for rainfall runoff simulation. The Soil Conservation Services 
Curve Number (SCS-CN) and Soil Moisture Accounting (SMA) loss methods were 
selected to calculate the infiltration losses. In microwave remote sensing, the study 
of how the microwave interacts with the earth terrain has always been interesting in 
interpreting the satellite SAR images. In this research soil moisture was derived 
from two different types of Spaceborne SAR data; TerraSAR-X and ALOS 
PALSAR (L band). The developed integrated hydrological model was applied to the 
test site of the Gottleuba Catchment area which covers approximately 400 sqkm, 
located south of Pirna (Saxony, Germany). To validate the model historical 
precipitation data of the past ten years were performed. The validated model was 
further optimized using the extracted soil moisture from SAR data. The simulation 
results showed a reasonable match between the simulated and the observed 
hydrographs. Quantitatively the study concluded that based on SAR data, the 
model could be used as an expeditious tool of soil moisture mapping which 
required for hydrological modelling. 
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Ws   average watershed slope  
Lt   lag time  
f˳  frequency 
λ   wavelength  
σ°  backscattering coefficient  
h  vertical relief height 
m v   volumetric moisture content  
Rs  surface roughness 
S   soil-moisture sensitivity 
σv  backscatter from vegetation  
σs   backscatter from  soil 
Lc   attenuation caused by the vegetation canopy 
DN  digital numbers  
KS   calibration coefficient 
β˚  radar brightness  
θi   incidence angle  
θloc  local incidence angle  
GIM  Geocoded Incidence Angle Mask 
NESZ  Noise Equivalent Sigma Zero 
NEBN  Noise Equivalent Beta Naught  
LS   Layover and Shadow 
R²  coefficient of determination  
O  outlet flow  
I   inflow  
S    storage volume           
X    dimensionless weighting factor              
K     time constant or storage coefficient              
∆t    time interval 
Ƴb  bulk density 
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Chapter 1: Introduction 
 
In August 2002, heavy rainfall event occurred in Saxony/Germany; a violent 
flash flood and extreme high water levels happened in some tributaries of the 
River Elbe in the Ore Mountains. 21 people were killed, and massive parts of 
the infrastructure were destroyed immediately after the event. The total loss in 
Germany was estimated to be by about six billion Euro not including indirect 
losses of the private economic sector. Figure 1.1 shows examples of these 
damages. All these facts motivate hydrological flood modelling.  
 
Hydrological modelling relies on the spatial characterization of the land surface 
concerning parameters relevant for runoff formation. However, land surface 
parameters which are required for these models are temporally highly variable, 
like soil moisture which plays an important role in the surface energy balance at 
the terrain-atmosphere interface and is considered a key state variable 
influencing the redistribution of the radiant energy and the runoff generation and 
percolation of water in soil.  
 
 
Figure 1.1: Flooded Urban Areas in Pirna, Saxony, Germany during the 2002 
Flood Event (www1).  
 
 
Local measurements of soil moisture are strongly affected by spatial variability, 
besides being time-consuming and expensive. Soil moisture is a difficult 
parameter to measure in a large area, in a cost-effective way, and on a routine 
basis (Engman & Chauhan, 1995).  
 
Remote sensing data and geo-information systems are increasingly becoming 
an important tool in hydrology and water resources development. This is due to 
the fact that most of the data required for hydrological analysis can easily be 
obtained from remotely sensed images. The greatest advantage of using 
remotely sensed data for hydrological modelling is its ability to generate 
information in spatial and temporal domain which is very crucial for successful 
model analysis, prediction and validation (Jagadeesha, 1999). In microwave 
remote sensing, the question how the microwaves interact with the earth terrain 
has always been interesting in interpreting satellite SAR imagery (Albert, 2005). 
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With advances in computational power and the growing availability of spatial 
data, it is possible to accurately describe watershed characteristics when 
determining runoff response to rainfall input (Arwa, 2001). Due to the 
development of geo information systems and remote sensing techniques the 
hydrological catchments models have been more physics-based and distributed 
to enumerate various interactive hydrological processes considering spatial 
heterogeneity (Mohan & Shrestha, 2000). SAR technology can be used to 
derive the soil moisture content corresponding to the degree of saturation in the 
near surface layer. Since microwave measurements of the soil surface are 
affected by the water content (Ulaby et al., 1986; Engman and Gurney, 1991, & 
Buchroithner and Granica 1997), it is easy to see the potential of remote 
sensing in soil moisture mapping and other related applications. Active 
microwave remote sensing to estimate spatial distribution of surface soil 
moisture has been demonstrated fully at the field scale (Bernard et al., 1986; 
Soares et al., 1987 & Brun et al., 1990), over areas characterized by fairly 
uniform attributes (land cover, topography, etc.). 
 
Given the fact presence of dense and high vegetation cover prevents X- and C-
band radar signals (wavelengths between 3 and 6 cm) from reaching the 
ground (Ulaby et al., 1986), soil moisture mapping is often carried out 
exclusively on bare soils or zones with little vegetation cover (e.g. Baghdadi et 
al., 2002, 2006, 2007; Le Hégarat et al., 2002; Zribi & Dechambre, 2002; Zribi et 
al., 2008). Furthermore, the increased number of SAR systems together with 
their good calibration performance has made SAR data more readily available 
for the quantitative retrieval of soil moisture. The big difference between the 
dielectric constant of water and of dry soil at microwave frequencies is the main 
factor for soil moisture estimation using microwaves. Whereas the dielectric 
constant for water is at least 10 times bigger than that of the dry soil, the 
presence of water in top few centimeters of bare soil can be detected in SAR 
imagery (Lillesand & Kiefer, 2008).  
  
For the present study soil moisture represents an important parameter for 
hydrological modelling. The main objective of this work is the evaluation of the 
potential of spaceborne X & L-band SAR data for soil moisture retrieval and 
subsequently applying the extracted soil moisture as a required input parameter 
in hydrological modelling process.  
 
The HEC-HMS model was applied to generate the rainfall runoff response of a 
river basin to precipitation representing the basin as an interconnected system 
of hydrologic and hydraulic components.  
 
Finally, I would like to mention That the TerraSAR-X data were provided by the 
German Aerospace Center (DLR) under the Science proposal ID HYD0326 
(Thomas Hahmann and Manfred F. Buchroithner) and the ALOS PALSAR data 
were acquired by the European Space Agency (ESA) under the Science 
proposal ID C1P6618. 
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1.2 Thesis Organisation 
 
This thesis consists of six chapters. It is delineated as follows. 
 
Chapter 1 addresses the necessity and the importance of the soil moisture in 
hydrological modelling and applying of spaceborne SAR data to derive the soil 
moisture content corresponding to the degree of saturation in the near surface 
layer. It gives a brief description of the problem and overall objectives. 
 
Chapter 2 demonstrates a background of the microwave remote sensing and its 
application in Hydrology, its principles and limitations. It shows also, how GIS 
works as an efficient tool to link spatial data with hydrological models. 
Subsequently, flood hazard and the potential of hydrological flood modelling are 
introduced.  
 
Chapter 3 outlines the boundaries of the study area and a full description of the 
data sources, instruments, softwares and the general layout of the implemented 
methodology. 
 
Chapter 4 presents how the data were processed to achieve the purpose of this 
study. It also includes the results and their accuracy.  
 
Chapter 5 provides a comprehensive discussion of the results of this research. 
 
Chapter 6 draws conclusions and makes recommendations for future studies 
based on the obtained results. 
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Chapter 2: Literature Review 
 
In the first part of this chapter Microwave Remote Sensing and its application in 
Hydrology, its principles and limitations are described. The second part of this 
chapter deals with the question how GIS as an efficient tool links spatial data 
with hydrological models. Subsequently flood hazard and the potential of 
hydrological flood modelling are introduced.  
 
 
2.1 Microwave Remote Sensing and its Applications in Hydrology  
2.1.1 Principles of Microwave Remote Sensing   
 
Remote sensing has been defined as the science and art of obtaining 
information about an object, area, or phenomenon through the analysis of data 
acquired by sensors which are not in direct contact with the target of 
investigation. Airborne and satellite radar systems are adaptable imagery 
sources with day-night, all-weather capability. Radar imagery will likely increase 
in importance in the future as new multi-wavelength, multi-polarisation radar 
systems are disposed that allow interpreters to better discriminate between 
different surface materials. Microwave remote sensing uses electromagnetic 
waves with wavelengths between 1 mm and 1m (Figure 2.1). These relatively 
longer wavelengths have the advantage that they can penetrate clouds and are 
independent of atmospheric conditions, like haze. An imaging radar system 
emits discrete radar pulses that are directed to one side, so that each pulse 
illuminates a strip of terrain perpendicular to the flight path. The microwaves 
interact with surface objects and some portion of them return toward the radar 
antenna. The system records the pulse “echoes” from the terrain and their 
variation in strength with travel time. Since the microwaves travel at the speed 
of light in air, the timing of each portion of the returned signal establishes its 
image position in the range direction (perpendicular to the flight line). The image 
is built up from the returns of successive pulses as the aircraft or spacecraft 
moves forward in the azimuth direction, (radar image acquisition illustrated in 
Figure 2.2). 
Microwave remote sensors can be classified as either passive (radiometers) or 
active (radars).  Each sensor class provides unique insights into the electrical 
and mechanical properties of the sensed environment. Microwave remote 
sensing instruments provide a unique view which can augment traditional visible 
and infrared observations.   
Passive microwave sensors rely on the thermal emission of microwave signals 
from objects and surfaces.  The emission is related to the physical temperature 
and electrical and mechanical properties of the sensed surface, with modulation 
by the intervening atmosphere.  Since they contain no transmitter, passive 
sensors typically require less power to operate than radars and operate over a 
much broader frequency range.  On a global scale, passive measurements find 
utility in measuring surface and atmospheric temperatures, atmospheric water 
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vapor, precipitation, sea surface salinity, vegetation, and polar ice properties. 
Radio astronomy applies microwave radiometers in the study of the cosmos. 
Active microwave remote sensors can be divided into four general classes: 
Synthetic Aperture Radar (SAR) imaging systems, scatterometers, altimeters, 
and weather radars.  The latter systems typically use real-aperture antennas 
while SAR is based on synthetic aperture processing techniques.  (Hybrid 
systems also exist.)  Inverse synthetic aperture radar is used for ground-based 
sensing of extra-terrestrial bodies.  SAR systems create high resolution radar 
backscatter images using Doppler/range processing.  Scatterometers precisely 
measure radar backscatter at multiple azimuth angles at lower resolution than 
SARs.  Spaceborne scatterometer data is used for wind measurement over the 
ocean and monitoring polar ice melting.  Satellite-based altimeters measure sea 
surface height from which ocean current information is extracted.  Weather 
radars measure rainfall, high altitude winds, and other meteorological 
phenomena. Active radar sensors can further be subdivided into non-imaging 
and imaging sensors. Important active non-imaging sensors are radar altimeters 
and scatterometers (Soergel, 2010). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Microwave Electromagnetic Spectrum (from CCRS RS Tutorial).        
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Figure 2.2: Radar Image Acquisition (from SAR-Guidebook, 2007). 
 
 
 
2.1.1.1 Radar Polarisation and Scattering Type 
 
Imaging radar systems typically transmit a plane-polarised radar pulse. The 
electric field associated with such a pulse oscillates in a single plane 
perpendicular to the direction the wave is traveling (Figure 2.3). The most 
common polarisation mode is to both transmit and receive horizontally polarised 
signals (designated HH mode, with the first letter indicating the transmitted 
polarisation) some systems transmit and receive vertically polarised waves (VV 
mode). Both HH and VV mode scan be called like-polarised radar modes. The 
cross-polarised (HV or VH) return is usually weaker, and often associated with 
different reflections due to, for instance, surface roughness. Thus, there can be 
four combinations of both transmit and receive polarisations as follows: 
 
- HH for horizontal transmit and horizontal receive, 
- VV for vertical transmit and vertical receive, 
- HV for horizontal transmit and vertical receive, and 
- VH for vertical transmit and horizontal receive. 
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Figure 2.3: Radar Polarisation (from CCRS RS Tutorial). 
 
 
 
2.1.2 Interpretation of Radar Images 
 
The brightness of features in a radar image depends on the strength of the 
backscattered signal. In turn, the amount of energy that is backscattered 
depends on various factors, including the orientation of the surface, its 
roughness and electrical properties, and the polarisation direction of the 
returning radar wave. Areas with stronger radar returns are shown as brighter 
areas. Because of the side-looking geometry of imaging radar systems only a 
small portion of the broadcast energy returns back in the direction of the 
antenna and is detected by it.  
 
 
2.1.2.1 Microwave Signal and Object Interactions 
 
The amount of energy that is received at the radar antenna depends on the 
illuminating signal (radar system parameters such as wavelength, polarisation, 
viewing geometry, et cetera) and the characteristics of the illuminated object 
(roughness, shape, orientation, dielectric constant, etc.) 
 
 
Influence of the Illuminating Signal 
 
To a certain degree, penetration is the key factor for the selection of the 
wavelength: the longer the wavelength (the smaller the frequency), the stronger 
the penetration into vegetation and soil; the wavelength determines the size of 
the objects that the waves interact with. For example, a short microwave will 
only penetrate the leaves on top of the trees (e.g., X-band = 3 cm) whereas in 
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the case of L-band (23 cm), the radiation penetrates into the canopy. Table 2.1 
gives an overview of all the codes with their corresponding parameters. 
 
The polarisation of the microwave plays an important role in the interpretation of 
the form and the orientation of small scattering elements that compose the 
surface object. Therefore, the use of microwaves with different polarisations 
yields different images that might help in the identification of objects. 
 
 
 
 
Table 2.1: Radar Bands and their Parameters and Operational Use. 
 
Band Frequency 
f˳ (GHz) 
Wavelength 
Range 
λ=c / f˳ (cm) 
 
  Application 
 
P 0.3 - 1 30 - 100 AIRSAR 
L 1 - 2 15 - 30 
JERS-1 SAR,  
ALOS PALSAR 
S 2 - 4 7.5 - 15 Almaz-1 
C 4 – 8 3.8 - 7.5 
ERS-1/2 SAR, 
RADARSAT-1/2, 
ENVISAT ASAR, 
RISAT-1 
X 8 – 12 2.4 - 3.8 
TerraSAR-X-1, 
COSMO-SkyMed 
  Ku 12 - 18 1.7 - 2.4 
satellite altimetry 
 
             K 18 - 27 1.1 – 1.7 military domain 
   Ka   27 – 40  0.8 - 1.1 surveillance 
 
 
 
 
Influence of the Illuminated Surface 
 
An absolute measure for the backscatter behavior of an object-similar to 
reflectance in optical systems-is calculated from the ratio of the emitted and 
received signal, taking into account the range to the object. This is called the 
radar cross section sigma (σ) expressed in decibels (db). The amount of energy 
backscattered from an object depends on its characteristics such as surface 
roughness, moisture content (electrical properties of the object), its orientation 
with respect to the illuminating signal (local incidence angle) and its shape. 
Apart from the relief, the surface roughness is the terrain property that most 
strongly influences the strength of the radar return. It is a relative aspect, 
depending upon wavelength and incidence angle. A surface is considered 
„rough‟ if it has height variations of dimensions that are close to the radar 
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wavelength. In radar images, rough surfaces appear bright, smooth surfaces 
appear dark. This is a result of the scattering behaviour of radar waves. 
 
Short-wavelength radar signals (X and C bands) interact primarily with the 
uppermost leaf canopy, and do not penetrate beyond it. Longer-wavelength 
radars (L and P bands) penetrate deeper to interact with stems of smaller plants 
and twigs and branches of trees. Another important parameter that influences 
the microwave backscatter behavior is the dielectric constant, which describes 
the electrical properties of the surface material. The moisture content of the 
object affects the electrical properties and therefore the dielectric constant. 
Depending on the moisture content of the object, the radar is scattered in 
different ways. 
 
 
2.1.2.2 Scattering Patterns 
 
The radar is scattered in different ways depending on the above/mentioned 
characteristics of the signal and object. The amount of backscattered 
microwave energy depends, in part, on the surface or target properties, such as 
surface roughness and moisture (Buchroithner & Granica 1997). Changes in the 
electrical properties influence the absorption, transmission and reflection of 
microwaves. This means that the moisture content of the surface determines 
the scattering. If an object is wet, surface scattering takes place. The type of 
reflection (ranging from specular to diffuse) and its intensity depends on the 
roughness of the material (Figure 2.4). Generally, reflectivity and therefore 
image brightness increases with increasing moisture content. Consequently, 
soil moisture maps can be derived from radar backscatter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Radar Reflection from Various Surfaces (from CCRS RS Tutorial). 
 
 
2 Literature Review 
 
 
 
10 
 
2.1.3 Geometrical Characteristics 
 
Large-scale variations in the surface (for example, terrain slopes), affect the 
backscattering properties. In a radar image, broadly four geometrical 
characteristics are observed, namely, (i) slope foreshortening, (ii) aspect, (iii) 
radar shadow, and (iv) layover. 
 
 
2.1.3.1 Slope Foreshortening 
 
For similar terrain slopes, or for the same slope recorded at different depression 
angles, there is a variation in the slope length on the radar image. Slopes are 
often made to appear shorter than they really are, that is, they are 
foreshortened. Foreshortening is at a maximum for a slope when the incident 
angle (θi) is equal to zero, where the slopes are recorded in true proportion to 
their length. Figure 2.5 shows this effect. A slope is recorded at its true length if 
it slopes away from the radar antenna at an angle at which it is truncated in its 
slant range presentation. For slope 1 in Figure 2.5, which faces the radar and 
has a gradient equal to the depression angle, both the top and the base of the 
slope are intercepted simultaneously by the radar beam wavefront, and so are 
recorded as a single point on the image. Foreshortening thus occurs when a 
slope is less steep than when perpendicular to the wavefront, with the base of 
the slope intercepting the wavefront first (Lillesand and Kiefer, 1979), as shown 
for slope 2 in Figure. 2.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Influence of Terrain Slope on Radar Imagery 
                                     (Lillesand & Kiefer 1979). 
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2.1.3.2 Aspect 
 
Aspect is important since, if a slope is orientated away from the flight line, then 
the wave front‟s journey from the base of the slope to its top is further 
increased, and hence the amount of energy per unit area is reduced. This can 
greatly affect the backscatter recorded and so the interpretability of the imagery. 
Slope orientation relative to the radar look direction is therefore important. 
 
 
2.1.3.3 Radar Shadow 
 
The other important characteristic of radar imagery is the radar shadow, which 
occurs whenever the terrain backslope is steeper than the depression angle. 
This is due to the absence of radar illumination because of intervening reflecting 
or absorbing objects, for example terrain obstructions (mountains, cliffs) or by 
artificial features (buildings) within the illuminating radar beam. The length of the 
radar shadow is determined by the wavefront angle, as are layover and 
foreshortening. Areas of radar shadow are generally more common in the far 
range, because in the near range fewer backslopes are steep enough to be 
obscured from the radar beam. 
 
 
2.1.3.4 Layover 
 
If, however, the terrain slope is steeper than a line perpendicular to the incident 
wavefront, so that its top intercepts the radar beam wavefront before the base 
of the slope, then layover occurs. This is illustrated in Figure 2.5 for slopes 3 
and 4. It was shown that foreshortening occurs when a slope facing the radar is 
not as steep as the wavefront. With layover, however, a slope facing the radar 
appears to be steeper than it really is, as its slope is steeper than that of the 
wavefront. From the above discussion of layover and foreshortening, and the 
fact that the depression angle varies across the image swath, it can be seen 
that similar terrain slopes at different positions from the flight line will be 
recorded differently. Layover is most likely to occur in the near range where the 
depression angle is large. Layover and foreshortening are important factors, 
and should be considered while interpreting radar imagery. This is not only 
because of the distortion they introduce into the image but also because the 
amount of energy received per unit area varies with the angle at which the 
energy is received and so with the slope. The angle at which the energy is 
received at the surface is critical to the distribution of the energy backscatter 
from that surface. For flat terrain the angle at which the energy arrives varies 
across the swath, and further complexity is introduced by variations in the 
surface slope. 
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2.1.4 Spaceborne Radar Systems 
 
2.1.4.1 Historical Account 
 
This section is based on:  A Canada Centre for Remote Sensing (CCRS), 
Remote Sensing Tutorial “Fundamentals of Remote Sensing‟‟ and from the 
book “Observation of the earth and its environment” by Herbert Kramer, 2002. 
 
With the advances and success of airborne imaging radar, satellite radars were 
the next logical step to complement the optical satellite sensors in operation. 
SEASAT, launched in 1978, was the first civilian remote sensing satellite to 
carry a spaceborne SAR sensor. The SAR operated at L-band (23.5 cm) with 
HH polarisation. The viewing geometry was fixed between nine and 15 degrees 
with a swath width of 100 km and a spatial resolution of 25 meters. This steep 
viewing geometry was designed primarily for observations of ocean and sea ice, 
but a great deal of imagery was also collected over land areas. However, the 
small incidence angles amplified foreshortening and layover effects over terrain 
with high relief, limiting its utility in these areas. Although the satellite was only 
operational for three months, it demonstrated the wealth of information (and the 
large volumes of data) possible from a spaceborne radar. 
 
With the success of the short-lived SEASAT mission and impetus provided from 
positive results with several airborne SARs the European Space Agency (ESA) 
launched ERS-1 in July of 1991. ERS-1 carried on-board a radar altimeter, an 
infrared radiometer and microwave sounder, and a C-band (5.66 cm) active 
microwave instrument. This is a flexible instrument which can be operated as a 
scatterometer to measure reflectivity of the ocean surface, as well as ocean 
surface wind speed and direction. It can also operate as synthetic aperture 
radar, collecting imagery over a 100 km swath with an incidence angle range of 
20 to 26 degrees and a resolution of approximately 30 meters. Polarisation is 
vertical transmit and vertical receive (VV) which, combined with the fairly steep 
viewing angles, make ERS-1 particularly sensitive to surface roughness. The 
revisit period (or repeat cycle) of ERS-1 can be varied by adjusting the orbit, 
and ranged from three to 168 days, depending on the mode of operation. 
Generally, the repeat cycle is about 35 days. A second satellite, ERS-2, was 
launched in April of 1995 and carries the same active microwave sensor as 
ERS-1. Designed primarily for ocean monitoring applications and research, 
ERS-1 provided the worldwide remote sensing community with the first wide-
spread access to spaceborne SAR data. Imagery from both satellites has been 
used in a wide range of applications over both ocean and land. Like with 
SEASAT, the steep viewing angles limit their utility for some land applications 
due to geometry effects. 
 
In February 1992, the National Space Development Agency of Japan (NASDA) 
launched the JERS-1. In addition to carrying two optical sensors, JERS- 1 has 
an L-band (23.5 cm) SAR operating at HH polarisation. The swath width is 
approximately 75 km and the spatial resolution approximately 18 meters in both 
range and azimuth. The imaging geometry of JERS-1 is slightly shallower than 
either SEASAT that of the ERS satellites, with the incidence angle at the middle 
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of the swath being 35 degrees. Thus, JERS-1 images are slightly less 
susceptible to geometry and terrain effects. The longer L-band wavelength of 
JERS-1 allows some penetration of the radar energy through vegetation and 
other surface types. 
 
Canada started their radar satellite program in 1995 with Radarsat-1. Radarsat-
2 followed in 2007, with both satellites operating in C-Band. Radarsat-1 was the 
first satellite worldwide capable of acquiring images in ScanSAR mode with a 
swath width of 500 km. It can also operate in numerous beam modes that allow 
a wide variety of swath widths, incidence angles and image resolution. 
Radarsat-2 is a further development of the Radarsat-1 mission. It can operate in 
a fully polarimetric mode. As it can even acquire images on both sides of the 
satellite track, the satellite can map Antarctica on a daily basis; which is of great 
interest for scientific research activities. In February 2000 the Shuttle Radar 
Topography Mission (SRTM), which lasted for eleven days, was launched by 
NASA. It was acquired radar images in the C- and X-Band. Like for the SIR-C 
mission the X-Band radar was provided by Germany and Italy. A special feature 
was that the shuttle was equipped with two antennas, thus a single-pass 
interferometry had been made possible. As a result a DEM covering the world 
from 56° southern to 60° northern latitude could be generated. In 2006 Japan 
launched the ALOS satellite carrying the PALSAR instrument which is an 
improvement of the SAR on board JERS-1.  
 
Since Germany had gathered considerable experience in X-Band radar, it 
developed the TerraSAR-X satellite which was launched in 2007. Together with 
a twin satellite which operates since June 2010, these satellites will operate in 
tandem mode under the mission name ‟‟TanDEM-X‟‟ to acquire images for a 
global DEM of an unprecedented quality. A short introduction to the history of 
spaceborne radar systems is summarised in Table 2.2. 
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Table 2.2: Overview of Spaceborne SAR-Missions. 
 
System Institution / 
Country 
Launch Band Pol. Look 
angle 
Swath 
width 
(km) 
Resolution 
(m) 
SEASA NASA/USA 1978 L HH 20˚ 100 25 
ALMAZ-1 NPO/Russia 1991 S HH 25°- 60° 40 13 - 20 
ERS-1 ESA/Europe 1991 C VV 23° 100 30 
J-ERS-1 NASDA/Japan 1992 L HH 35˚ 75 18 
SIR-C/ 
X-SAR 
NASA-
JPL/USA 
DLR/Germany 
ASI/Italy 
1994 L 
C 
X 
Quad 
Quad 
VV 
20°-55° 30-100 15 - 25 
ERS-2 ESA/Europe 1991 C VV 23° 100 30 
Radarsat-
1 
CSA/Canada 1995 C HH 20°- 55° 10-500 10 -100 
SRTM NASA-
JPL/USA 
DLR/Germany 
ASI/Italy 
2000 C 
X 
VV+HH 
VV 
17°- 65° 
55° 
225 
50 
30 
30 
ENVISAT ESA/Europe 2002 C Quad 15°- 45° 100 
400 
400 
30 
150 
1000 
ALOS JAXA/Japan 2006 L Quad 8°- 60° 20-350 7-100 
TerraSAR-
X 
DLR/Germany 2007 X Quad 20°- 60° 10-100 1 -17.6 
Radarsat-
2 
CSA/Canada 2007 C Quad 10°- 60° 20-500 3 -100 
TanDEM-
X 
DLR/Germany 2010 X Quad 20°- 60° 10-100 1 -17.6 
 
 
 
 
Since TerraSAR-X and ALOS PALSAR Satellite data are used in this thesis, 
they will be described in more detail. 
 
 
2.1.4.2 TerraSAR-X 
 
TerraSAR-X is the first satellite in Germany that has been implemented in a 
public-private partnership between the German Aerospace Center (DLR) and 
EADS Astrium. The satellite was launched on 15 June 2007 from Baikonour, 
Kazakhstan, with a DNEPR-1 rocket and has been designed for five years of 
operation. The satellite travels in a sun-synchronous circular orbit at an altitude 
above the equator of 514 km, a repeat cycle of 11 days and an inclination of 
97.44°. The maximum duration of image acquisition is limited to approximately 
ten minutes per orbit, whereas the duration of one orbit is 95 min. The 
spacecraft has a hexagonal outer shape and a mass of 1200 kg. With this 
satellite it is possible to perform a roll manoeuvre. Therefore it can acquire 
images to both sides of the satellite track. 
 
The SAR sensor operates in X-Band with a frequency around 9.65 GHz. This 
corresponds to a wavelength of 3 cm. It is capable of transmitting and receiving 
2 Literature Review 
 
 
 
15 
 
in horizontal and vertical like-polarisation. The SAR antenna has a dimension of 
4.8 x 0.8 m², and it is an active phase array antenna that consists of 12 panels. 
Each of these panels is equipped with 32 slotted waveguide subarrays that 
contain a transmit and receive module. The radar beam is steerable in elevation 
by 0.75° and in azimuth from 20° to 60°. With the help of these different view 
angles, each point on earth can be targeted within two to four days. The 
antenna allows also the operation of different acquisition modes: Spotlight, 
StripMap and ScanSAR are distinguished by their resolution and the size of the 
area they cover. The characteristics of these acquisition modes are illustrated in 
Figure 2.6 and listed in Table 2.3.  
 
The antenna can also work in a dual receive mode. It can then be split into two 
halves that can both receive the echo. This mode facilitates along track 
interferometry and the acquisition of full polarimetric data. 
 
 
 
 
Figure 2.6: Scanning Modes of TerraSAR-X (from SAR-Guidebook, 2007). 
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Table 2.3: SAR Mode Performance (Pitz, 2006). 
 
 ScanSAR Mode StripMap Mode 
High Resolution 
Spotlight Mode 
Ground 
Resolution 
- Across Track 
   - Along Track 
16m 
16m 
3m 
3m 
1m 
1m 
Product 
Coverage 
- Along Track 
 - Across Track 
<1500km 
100km 
<1500km 
30km 
5km 
10km 
 
 
 
2.1.4.3 ALOS  
 
ALOS Characteristics 
 
In January 2006 the Advanced Land Observing Satellite (ALOS) was launched 
on an H-IIA launch vehicle from Tanegashima Space Center, Japan. The 
Japanese earth observing satellite program consists of two series: those 
satellites used mainly for atmospheric and marine observation, and those for 
land observation. ALOS follows the Japanese Earth Resources Satellite-1 
(JERS-1) and the Advanced Earth Observing Satellite (ADEOS) and utilizes 
advanced land-observing technology. ALOS will be used for cartography, 
regional observation, disaster monitoring, and resource surveying. 
 
ALOS has three remote-sensing instruments: the Panchromatic Remote-
Sensing Instrument for Stereo Mapping (PRISM) for digital elevation mapping, 
the Advanced Visible and Near Infrared Radiometer Type 2 (AVNIR-2) for 
precise land coverage observation, and the Phased Array L-band Synthetic 
Aperture Radar (PALSAR) for day-and-night and all-weather land observation. 
In order to fully utilize the data obtained by these sensors, ALOS was designed 
with two advanced technologies: first, a high-speed and large-capacity mission 
data handling technology and second, a precision spacecraft position and 
attitude determination capability. Both will be essential to high-resolution remote 
sensing satellites of the next decade.  
 
 
ALOS PALSAR 
 
The Phased Array type L-band Synthetic Aperture Radar (PALSAR) is an active 
microwave sensor using L-band frequency to achieve cloud-free and day-and-
night land observation. It provides higher performance than the JERS-1's SAR. 
Fine resolution in a conventional mode, but PALSAR will have another 
advantageous observation mode. ScanSAR, which will enable us to acquire a 
250 to 350 km width of SAR images (depending on the number of scans) at the 
expense of spatial resolution (Figure 2.7 and Table 2.4). This swath is three to 
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five times wider than conventional SAR images. The development of the 
PALSAR is a joint project between JAXA and the Japan Resources Observation 
System Organization (JAROS). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: PALSAR Observation Mode (from ALOS User Handbook, 2007). 
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Table 2.4: PALSAR Characteristics (from ALOS User Handbook, 2007). 
 
Mode 
 
Fine 
 
ScanSAR 
Polarimetric 
(Experimental 
mode)*1 
Center 
frequency 
1270 MHz(L-band) 
Chirp 
bandwidth 
28 MHz 14 MHz 14 MHz, 28 MHz 14 MHz 
Polarisation 
HH or 
VV 
HH+HV 
or 
VV+VH 
HH or VV HH+HV+VH+VV 
Incident 
angle 
8 to 
60 deg. 
18 to 43 deg. 8 to 30 deg. 
Range 
resolution 
7 to 44 m 
14 to 
88 m 
100m 
(multi look) 
24 to 89 m 
Observation 
swath 
40 to 
70 km 
250 to 350 km 20 to 65 km 
Bit length 5 bits 3 or 5 bits 
Data rate rate 240 Mbps 
20Mbps,240M
bps 
240 Mbps 
NE sigma 
zero *2 
< -23 dB (Swath 
Width 70 km) 
< -25 dB (Swath 
Width 60 km) 
 
< -25 dB < -29 dB 
S/A *2,*3 
> 16 dB (Swath 
Width 70 km) 
> 21dB (Swath 
Width 60 km) 
> 21dB > 19 dB 
Radiometric 
accuracy 
scene: 1 dB / orbit: 1.5 dB 
 
 
PALSAR cannot observe areas beyond 87.8 deg. north latitude and 75.9 deg. 
south latitude when the off-nadir angle is 41.5 deg. 
 
*1 Due to power consumption, the operation time will be limited. 
*2 Valid for off-nadir angle 34.3 deg. (Fine mode), 34.1 deg. (ScanSAR mode), 
21.5 deg. (Polarimetric mode). 
*3 S/A level may deteriorate due to engineering changes in PALSAR. 
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2.1.5 Remote Sensing in Hydrological Modelling 
 
Remote sensing plays an important role in hydrological modelling, especially at 
regional scale or watershed scale, and the hydrological cycle components may 
involve precipitation, evapotranspiration, soil moisture, surface water as well as 
groundwater. Remote sensing can provide earth surface information over large 
areas and long periods at different scales, and the derived data can be used as 
input data for the hydrological models. 
 
For hydrological modelling, time series of runoff and possibly precipitation, as 
well as a climatological estimate of monthly evapotranspiration are very 
important, these parameters may be obtained by station-based observation 
systems. The model development based on surface stations almost impossible 
for a large river basin is due to the scarcity of land surface observations and 
difficulties in representing hydrological processes at larger scales. Remote 
sensing may provide the required data, such as information on land 
surface/cover, soil texture, initial soil moisture and topography, for hydrological 
modelling at regional to global scales. For modelling land-atmospheric 
hydrological interactions, remote sensing provides both model parameters and 
meteorological data, like surface air temperature, humidity, precipitation and 
radiation.  
 
Liu and Zhang (2004) gave a review of application of remote sensing to retrieval 
of precipitation, land use/ cover classification, leaf area index, albedo, land 
surface heat flux and some indirect parameters in distributed hydrological 
models, and proposed a framework for developing a distributed hydrological 
model by integrating GIS and remote sensing. Wu and Liu (2002) considered 
that the data obtained from remote sensing is still hard to use in hydrological 
model directly, and the hydrological scale problem is the crucial aspect for 
hydrological modelling using remote sensing. Li et al. (2005) developed a 
physics-based distributed hydrological model to simulate the watershed runoff 
response process under climate and land-cover changes in the head area of the 
Yellow River by using remote sensing and GIS. Liu et al. (2004) developed a 
distributed hydrological model for the Yellow River Basin, which represents a 
part of National Key Project “Yellow River Water Resources Evolution Law and 
Renewability Maintaining Mechanism”. The area precipitation data obtained 
from meteorology satellite imagery was treated as an input for the model. 
 
 
2.1.5.1 Precipitation 
 
Precipitation is of primary importance in hydrology. It shows large and frequent 
spatial and rapid temporal variations. The scales over which precipitation occurs 
are so large that methods of measurement are wide- ranging and usually 
complementary. Point measurements are insufficiently representative for 
catchment scales. So remote sensing becomes a very powerful tool for 
obtaining the precipitation information for water cycle research. Currently, the 
emphases are put on the application of ground-based or space-borne radar as 
2 Literature Review 
 
 
 
20 
 
well as passive microwave data. The approaches based on visible and infrared 
satellite data were also developed.  
 
Two basic approaches namely the “life-history” and the “cloud-indexing” are 
widely used. Wang J.H. (2003) developed the area precipitation model 
according to the regression relationship between cloud and point precipitation 
by using GMS image and surface rain gage. In the Yellow River Basin, the 
model prediction precision reached to 90%. Huang, (2006) developed the 
Flood-Causing Torrential Rain Forecasting and Warning System for Huaihe 
River. Rainfall was estimated by using satellite and radar data. Furthermore, 
form GMS-5 multi-channel data, the empirical formula of rainfall measurement 
was developed using a statistic approach in the Huaihe River catchment. The 
model was tested and verified during the application of flood season 2003. 
  
 
2.1.5.2 Evapotranspiration 
 
Evapotranspiration includes water that evaporates from the soil surface and 
water that is transpired from vegetation. It plays an important role in earth-
atmosphere interaction process, and has attracted a rather considerable 
amount of attention and research work. Transpiration rates are largely 
controlled by: radiant energy, temperature, humidity, soil moisture, land cover 
physiography, and topography (Buttle, et aI., 2000 & Hetherington, 1987). The 
net absorbed energy used for evapotranspiration goes into transpiration of soil 
water and evaporation from wet vegetation. The remaining energy goes into 
evaporation from the ground and water (Hetherington, 1987). 
 
The researches are related to the use of thermal infrared observations and the 
land surface heat balance as well as to the spectrum of multi-spectral 
measurements by space- and airborne instruments to estimate potential 
evaporation and crop water requirements for the purpose of water management 
especially in irrigation regions. Wang (2003), Guo (2004) and Sun (2005) et al. 
gave a review of advances in the monitoring approaches of evapotranspiration 
with remote sensing data and its application in water resources management. 
Sun (2005) et al. developed the SEBAL model by using spectral radiances 
recorded by satellite-based sensors plus ordinary meteorological data to solve 
the energy balance at the earth surface, and to evaluate evapotranspiration in 
the Haihe River Basin. Hu (2006) considered ET technique of remote sensing 
monitoring to realize the sustainable management of agricultural water supply in 
Beijing. Pang et al. (2004) developed the evapotranspiration estimation model 
based on energy balance by using remote sensing. Their approaches were 
demonstrated in the province of Heilongjiang.  
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2.1.5.3 Soil Moisture 
 
Soil moisture can be considered as an interface between the solid earth surface 
and the atmosphere, and is very important to understand the hydrological cycle 
process in both smaller and larger scales. However, soil moisture is a very 
difficult variable to measure, not at a point in time but on a consistent and 
spatially comprehensive basis. Surface soil moisture is an important and very 
dynamic state variable of the hydrological cycle. The knowledge of its 
magnitude and dynamics is crucial for studying and modelling important 
processes on the earth surface. Therefore, the estimation of soil moisture by 
means of remotely sensed observations is very attractive to domains like 
hydrology, agronomy or meteorology (Engman, 1991). 
 
In recent years, many researchers have demonstrated the potential of 
microwave remote sensing for the estimation of surface roughness and soil 
moisture (e.g. Baghdadi et al., 2002, 2006, 2007; Le Hégarat et al., 2002; 
Satalino et al., 2002; Zribi and Dechambre 2002; Oh, 2004; Alvarez et al., 2005; 
Mattia et al., 2006; Rahman et al., 2008 & Zribi et al., 2008). Whereas, the SAR 
technique is very sensitive to soil surface conditions, especially roughness and 
moisture content in the first few centimeters of soil (Bruckler et al., 1988). Soil 
moisture mapping is often carried out exclusively on bare soils or zones with 
little vegetation cover (e.g. Baghdadi et al., 2002, 2006, 2007; LeHégarat et al., 
2002; Zribi and Dechambre 2002 & Zribi et al., 2008).  
 
The successful measurement of soil moisture by remote sensing depends on 
the amount of reflected or emitted electromagnetic radiation, and only the 
microwave region of the spectrum can provide a quantitative approach to 
estimate soil moisture under a variety of topographic and vegetation cover 
conditions (Engman, 2000). Most reviews suggest that surface soil moisture 
could be retrieved with sufficient accuracy from a system providing two or more 
polarisations of a single frequency such as L-band SAR (e.g. Ulaby et al., 1982, 
1996). Several studies suggested that the accuracy of SAR-based volumetric 
soil moisture content estimates could be improved by combining data from 
optical sensors (e.g. surface reflectance and temperature) to discriminate the 
SAR signal response to vegetation (Moran et al., 1997).  
 
Zhang and Sha (2005) & Zhang (2006) summarised the theories and methods 
of soil moisture monitoring by remote sensing, including microwave remote 
sensing monitoring， thermal inertia, the composite index of crop vegetation and 
brightness index, as well as thermal infrared monitoring. Bao et al. (2006) 
discussed the estimation approaches of soil water content and wheat coverage 
with ASAR imagery. The authors concluded that backscattering, which was 
greatly affected by land surface roughness and soil texture, is a key problem 
which must be considered in the retrieval of soil water content. The vertical 
polarisation backscattering coefficient is significantly correlated to the soil water 
content while the horizontal polarisation backscattering coefficient is 
significantly correlated to both soil water content and wheat cover. Moran 
(2000) evaluated the soil moisture using multi-temporal SAR in semiarid 
rangeland, the correction for surface roughness conditions resulted in a 
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substantial improvement in the correlation between the SAR signal and the 
surface soil moisture. Many semi-empirical and physical models have been 
developed for the estimation of soil moisture and surface roughness from SAR 
data (e.g. Fung, 1994; Dubois et al., 1995 & Weimann et al., 1998). 
 
 
2.1.5.4 Surface Water 
 
Surface water may occur in the form of lakes, reservoirs, rivers as well as snow 
and ice. Remote sensing can be used to estimate the areal extent and water 
content of these surface water-bodies, as well as the changes in water regimes. 
One of the main obscurations to remote sensing application is the limitation of 
relatively cloud-free and daylight conditions. Microwave satellites offer the 
potential of all-weather application and the synergistic application of combined 
SAR; also optical remote sensing for surface water estimates needs to be 
examined more closely. Yang et al. (2003) presented a method for analyzing 
the surface water system in plain areas with the help of GIS, DEM and remote 
sensing. Hong et al. (2006) utilized the various sources of remote sensing 
images combined with DEM and DSM data to analyse the characteristics of 
surface water system including springs, lakes, water resources of head regions 
in Tsinghai and on the Tibet plateau. Wang & Zhang (2005) developed a 
momentum BP neural network model to retrieve the water depth information for 
the South Channel of the Yangtze River Estuary using the relationship between 
reflectance derived from Landsat ETM+ satellite data and water depth.  
 
 
2.1.5.5 Groundwater 
 
Groundwater is essentially a subsurface phenomenon, so the common current 
remote sensing, mainly recording features on the surface, can only provide 
information to indirectly help qualitative or semi-quantitative analysis of 
groundwater systems with a simple geological condition and shallow 
groundwater table. Remote sensing data provide accurate spatial information 
and can be economically utilized over conventional techniques of groundwater 
studies. Remote sensing and GIS techniques have emerged as handy, 
complementary tools in assessing, monitoring and conserving ground water 
resources, owing to spatial, spectral and temporal data availability and data 
integration capability (Sener et al., 2005). Blending the two techniques has 
proved to be an efficient tool in groundwater studies (Gustafsson, 1993; Saraf 
and Jain, 1994; Krishnamurthy and Srinivas, 1995 and Krishnamurthy et al., 
1996). Abduwasit & Qin (2004) presented a review of the development and 
progress of remote sensing application research on groundwater exploration, as 
well as the methods of regional groundwater monitoring, delineation and 
detection. Tashpolat et al. (2005) developed a quantitative model for deriving 
the groundwater level in oasis-desert ectones in arid areas using LandSat-7 
ETM+ data. 
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2.1.5.6 Infiltration 
 
Infiltration is commonly defined as the process of water entry at the land surface 
into soil from a source such as rainfall or snowmelt (ASCE, 1996). It is an 
important component of the boreal forest water balance dynamics because it 
dictates the amount of rainfall excess that is generated versus the water 
entering the groundwater system. Infiltration is a complex process that is 
affected by a number of factors such as soil characteristics, surface 
characteristics, and natural processes like rainfall intensity, freezing, and soil 
moisture.  The near surface portion of the forest soils contain a high degree of 
macropores, pore spaces that are much larger than those of the soil matrix, 
created by long root densities and faunal activity. Preferential flow in the 
macropores can cause infiltrating water to reach depths much quicker than 
water traveling through macropores (Buttle et al., 2000). The hydraulic 
conductivity of the upper soil layer in a muskeg environment reduces 
exponentially with depth (Radforth and Brawner, 1977; Nyberg et al., 2001 and 
Metcalf & Buttle, 2001). Metcalfe & Buttle (2001) measured the saturated 
hydraulic conductivity at the BOREAS NSA in northern Manitoba. Peng et al. 
(2008) explained how to predict the soil erosion process based on the remote 
sensing and GIS modelling technique. Their model calculates the soil process 
by incorporating the parameters concerned, such as rock infiltration. The results 
indicate that RS and GIS techniques are indeed valuable tools for predicting soil 
erosion processes. 
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2.2 Integration of GIS with Hydrological Modelling 
 
2.2.1 General 
 
Hydrology and GIS are two technologies that, in different ways have tried to 
solve some of the same kinds of problems. As the synergy of these two 
technologies was realized, many successful attempts were made at integrating 
them 
 
For almost two decades in the 1960s and 1970s, GIS and hydrological 
modelling developed in parallel with few interactions. Major research efforts 
toward the integration of GIS with hydrological modelling did not take place until 
the late 1980s, as a part of the GIS community's efforts to improve the 
analytical capabilities of GIS (Fotheringham and Rogerson, 1994 & Goodchild, 
et al., 1992) and hydrologists' new demand for accurate digital repre- sentations 
of the terrain (Singh and Fiorentino, 1996 & Clark, 1998).  
 
The use of GIS as a management and data integration tool has grown since the 
late 20th century. Figure 2.8 illustrates the linking of information in different 
forms through a GIS. GIS technology has eased previously laborious 
procedures. Exchange of data between GIS, CAD, supervisory control and data 
acquisition (SCADA), and hydrologic and hydraulic (H&H) models is becoming 
much simpler. For example, delineating watersheds and stream networks has 
been simplified and the difficulty of conducting spatial data management and 
model parameterization reduced (Miller et al., 2004). 
 
Nowadays, both GIS users and hydrologists have increasingly recognized the 
mutual benefits of such integration from the successes of the past ten years. 
Various hydrological modelling techniques have enabled GIS users to go 
beyond the data inventory and management stage to conduct sophisticated 
modelling and simulation. For hydrological modelling efforts, GIS, especially 
through their powerful capabilities to process Digital Terrain Model (DTM) data, 
have provided modellers with new platforms for data management and 
visualization.  
 
The rapid diffusion of GIS in society has the potential to make various 
hydrological models more transparent and enable the communication of their 
operations and results to a large group of users. The growing literature on the 
integration of GIS with hydrological modelling attests the recognition of such 
mutual benefits (DeVantier and Feldman, 1993; Maidment, 1993, 1996; 
McDonnell, 1996 & Moore, 1996). 
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    Figure 2.8: Data Integration and Data Management through GIS. 
 
 
 
For many applications GIS, remote sensing, or both in combination are the most 
important aspects of GIS since the only real point of working with geographic 
information systems is to solve substantial real-world problems. GIS is perhaps 
best considered a methodology or collection of tools which, when applied, can 
bring great benefit. Remote sensing and GIS can contribute a great deal to our 
study of patterns and processes on the surface of the earth and to create 
decision support systems. 
 
It is possible to classify GIS applications as traditional, developing, and new. 
Traditional GIS application fields include military, government, education, and 
utilities. The developing GIS application fields of the mid 1990s include a whole 
raft of general businesses like, banking and financial services, transportation 
logistics, real estate, and market analysis. New application areas, which are 
probably due for take-off in the next decade, include small office/home office 
and personal or consumer applications (Reddy, 2008). This simple 
classification, although useful in itself, hides a complexity of approaches to 
applying GIS.  More specifically, a different way of examining trends in GIS 
application is to look at the diffusion of GIS use. Grimshaw (1994) has provided 
different levels at which GIS can be used within organizations. The levels are 
operational, tactical, and strategic. 
 
The abuse of the analytical subsystem of a GIS is the result of a lack of 
understanding of the nature of the spatial data contained in the subsystem. 
Beyond the problems of GIS abuse, there is a common belief that GIS is the 
panacea for all geographical problems. In many cases the user will be obliged 
to combine GIS tools with statistical analysis software, input-output modelling 
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tools providing enhanced mathematical computations, geostatistical packages 
designed for advanced spatial analysis or sub-surface modelling called GIS 
applications development and customisation of softwares with respect to user's 
requirements (Reddy, 2008). 
 
The application of watershed models requires the efficient management of large 
spatial and temporal datasets, which involves data acquisition, storage, and 
processing of modelling inputs as well as the manipulation, reporting, and 
display of results. These management requirements are usually met by 
integrating watershed simulation models and GISs, generating the capacity to 
manage large volumes of data in a common spatial structure. 
 
Original attempts to link GIS to hydrological modelling began in the mid 1970s 
(Correia et al., 1998). Not until the early 1990s when GIS increased its 
functionality did hydrology really take advantage of this technology. GIS 
expanded the possibilities of hydrological modelling since it can handle a large 
amount of data. The main function of GIS in hydrology is to assist in the 
management of land and water resources (Meijerink et al., 1994). For example, 
the parameters of the hydrological models are related to soil characteristics and 
land use. Soil characteristics can be derived from the existing hydrogeological 
and soil maps. Land use maps can be generated by aerial photography or 
satellite imagery. 
 
 
2.2.2 Limitations of GIS in Hydrological Modelling 
 
Several differences between GIS and hydrological models limit the 
effectiveness of the coupling between them (Frey, 2004). GIS is made for the 
processing of a vast amount of data, while hydrological models are rather 
concerned by very precise and detailed analysis of a small area. This difference 
makes that GIS is insufficient to process hydrological data. Hydrological models 
are time-varying, particularly for surface water flow, and GIS has no explicit 
representation of time in its data structure, this is why GIS is mainly used for 
data input and output. GIS and hydrological models do not use the same idea 
on relationship among data. In a GIS, a relation is a simple association between 
two sets of data using a key item common to them. In hydrological models, a 
relation is usually expressed as a complex mathematical function. 
 
Romanowicz et al. (1993) pointed that the limitations of this coupling attempt 
from a hydrological point of view. DeVautier and Feldman (1993) presented a 
complete review of GIS-based hydrological modelling approaches. Correia et al. 
(1997) also addressed this topic. The major weakness of GIS is that the time 
temporal processes are not easily accommodated.  
 
To circumvent this limitation it is possible to couple the GIS with a peripheral 
computer on which the hydrological and hydraulic models run. Results from 
these models can be transferred back to the GIS and then the spatial 
operations can proceed in this system. This approach has been proved to be a 
suitable approach for hydrological models being used (XSRAIN and OMEGA) 
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and the hydraulic model (HEC-2) which used for flood mapping (Correia et al., 
1998). There is also a trend among commercial GIS towards a better interface 
with a wider range of data types and a closer integration within a single software 
system of what were once separate software capabilities, such as hydrological 
modelling in ArcMap. 
 
 
2.2.3 Spatial Hydrological Models 
 
Hydrological modelling is a powerful technique of hydrological system 
investigation for both research hydrologists and practicing water resources 
engineers involved in the planning and development of integrated management 
of water resources (Seth et al., 1999). Hydrological models are defined as 
mathematical representations of the flow of water and its constituents in some 
parts of the land surface or subsurface environment (Maidment, 1993). 
Environmental modelling of this kind provides numerous benefits: (i) it explains 
the physical world; (ii) it provides decision support to resources and hazard 
management (Moore et al., 1993); and (iii) it guides experimentation and 
research for presenting complex ideas in an accessible manner (Burrough, 
1997). Hydrological models can be considered as stand-alone programs with 
data loaded via the import and export facilities within the model itself without the 
help of any GIS package, or as coupled to a GIS system through an interface 
solely designed for that purpose. 
 
 
2.2.3.1 Stand-alone Models 
 
The stand-alone programs depend on a particular computing platform or 
hardware configuration such as the Windows-based Watershed Modelling 
System (WMS reference, 1999) and GIBSI (Mailhot et al., 1997), the UNIX-
based Modular Modelling System (MMS manual), or the DOS and UNIX-based 
PCRaster (Wesseling et al., 1996). They all run from an individual computer or 
from several computers on a local area network that is not necessarily 
connected to a global network, and are then made accessible to the public or to 
managers in geographically separate locations. One of the known and widely 
used models is HEC-1 from the Hydrologic Engineering Center (HEC) of the US 
Army Corps of Engineers (USACE), which provides a variety of options for 
simulating precipitation-runoff processes. A new interactive version, which 
replaces the command-line-oriented program HEC-1 (flood hydrograph model) 
is HEC-HMS (Hydrologic Modelling System). This stand-alone rainfall runoff 
modelling program has been implemented under both UNIX (Sun Solaris) and 
Windows operating system. It has a GUI, integrated hydrological analysis 
components, data storage and management capabilities, and graphics and 
reporting facilities. Furthermore, a significant amount of data must be gathered 
to perform hydrological analysis using HEC-1 (Nelson et al., 1994). HMS is 
designed to be independent of any commercial GIS, so it has no explicit ties to 
any of them. The highly flexible HEC-HMS allows the watershed to be modeled 
in a distributed manner, accepts data in time increments of minutes to hours, 
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and runs easily on a PC platform (USACE, 2010). For these reasons it has 
been applied in this thesis.  
 
Another program that is well known and can be used as stand-alone is the 
WMS (Nelson et al., 1995). It is a graphics-based, comprehensive hydrological 
modelling environment that addresses the requirements of rainfall runoff 
computer simulations (DeBarry et al., 1999). The last example is the 
TOPMODEL which is classified as a distributed to semi-distributed model. A 
number of applications of this model have been presented (Beven, 1997 & 
Obled et al., 1994). It is not intended to be a modelling package, but rather a set 
of conceptual tools that can simulate the hydrological behaviour of a watershed 
(Beven, et al., 1995).  
 
 
2.2.3.2 GIS and Hydrological Model Coupling Method 
 
Most current hydrological models that take advantage of a GIS link to other 
programs to perform the hydrological analysis. The coupling of hydrological and 
hydraulic models with GIS is a very fruitful way of studying different scenarios. 
This coupling still raises difficulties because relations seem weak in GIS 
compared to hydrological models. GIS is not capable of handling the complex 
physical laws that control hydrological processes. However, this limitation can 
be circumvented by doing part of the hydrological and hydraulic calculations in a 
different system that is linked to GIS. The way that hydrological analysis is done 
using GIS is often referred to as either loosely or tightly coupled with variations 
in between. Four different approaches have been developed to integrate the 
GIS: GIS embedded within a hydrological model, a hydrological model 
embedded within a GIS, loose coupling and tight couplings between a 
hydrological model and GIS (Manson, 2003). Those four approaches have their 
own advantages and disadvantages.  
 
GIS embedded with a hydrological model has the advantage of giving 
developers more freedom to design their own system in which the coupling 
strategy and the use of the hydrological component is not dependent or limited 
by the GIS data structure. The limitation, however, is that the visualization and 
data management capabilities are not enough compared to the stand-alone 
GIS. Furthermore, programming efforts required to achieve this coupling 
strategy are seen as intensive and occasionally redundant. Some examples of 
this approach include a variety of the HEC series of models developed by the 
US Army Corps of Engineers, the LDMS (Low-Dimensional Modelling System) 
as well as the MODFLOW (3D finite-difference ground-water Flow Model; Sui & 
Maggio, 1999). 
 
The approach in which hydrological models are embedded with a GIS takes 
advantage of the suite of collection, storage, analysis and visualization 
capabilities of commercial stand-alone GIS packages. In this approach, the 
hydrological functionality is often criticized and does not often conform to the 
conventional hydrological modelling. This is especially true in the case of issues 
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relating to model calibration and validation where often models of this type must 
be calibrated outside by the existing model (Sui & Maggio, 1999). One example 
of this includes the Environmental Systems Research Institute's (ESRI's) 
ArcHydro. In the loose coupling approach, GIS is primarily used to organize 
data. Loose coupling is commonly done by performing initial analysis in the GIS, 
converting this information into a useable form for hydrological modelling, 
performing the hydrological analysis, and finally transferring the information 
back to the GIS for display (Hellwegger & Maidment, 1999). Comparing with the 
tightly coupled analysis, loosely coupled analysis is more common because the 
former needs complex interface. In the tight coupling approach, data analysis is 
integrated in one program, either the hydrological model or GIS, which has a 
link to the other program to perform limited operations (VerWest, 2002). 
 
Attempts to couple GIS with hydrological and hydraulic models started in 1975, 
when the HEC worked on the integration of HEC-l in GIS using a grid-based 
method. The result of this effort was HEC-SAM (Spatial Analysis Methodology). 
In this approach, GIS served simply as a database to feed the hydrological 
model (Males & Grayman, 1992). The Windows program HEC-GeoHMS has 
been developed, which is used in this thesis. HEC-GeoHMS is an ArcMap 9.3 
GIS extension specifically designed to process geospatial data for use with 
HEC-HMS. It allows users to visualize spatial information, delineate watersheds 
and streams, extract physical watershed and stream characteristics, perform 
spatial analyses, and create HEC-HMS model input files (Figure 2.9). HEC-
GeoHMS uses the ArcMap Spatial Analyst Extension tool to develop a number 
of hydrologic modelling inputs. Analysing digital terrain information, HEC-
GeoHMS transforms drainage paths and watershed boundaries into a 
hydrologic data structure that represents watershed response to precipitation.  
 
Because of the above mentioned reason, the loose coupling approach is the 
most popular method; there exist numerous examples based on it. For example, 
the GRASS GIS package was linked with TOPMODEL to examine the effects of 
soil heterogeneity in a small watershed. TOP MODEL is a relief-based surface 
water model developed in 1979 (Beven & Kirkby, 1979). This semi-distributed 
model makes directly use of detailed DTM data. Some popular GIS-based 
hydrological models can be found in Singh (1995) & Shamsi (2002). 
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Figure 2.9: Example of Linking GIS & Hydrologic Models (from USACE, 
2010). 
 
 
 
 
 
 
2.2.4 Watershed Delineation 
 
Watershed or catchment is a topographically delineated area drained by a 
stream system; that is the total land area above some point on a stream or river 
that drains past that point. The watershed is a hydrologic unit often used as a 
physical biological unit and a socioeconomic-political unit for the planning and 
management of natural resources (Peter et al., 2003). Watershed delineation is 
the process of identifying the drainage area of a point or set of points, it is one 
of the most commonly performed activities in hydrological and environmental 
analyses (Djokic et al., 1997). The basic data requirement for watershed 
delineation is a DTM. It provides good terrain representation from which the 
watersheds can be derived automatically using GIS technology. The techniques 
for automated watershed delineation have been available since the mid-eighties 
and have been implemented in various GIS systems and customer applications 
(Garbrecht & Martz, 1999). 
 
Watersheds have been utilized as a basic unit in water resource analysis 
because they contain components that are interrelated and can be viewed as a 
single interactive ecological system. When choosing a method to present a 
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surface, it is important to consider its end use. The ideal structure for a DTM 
may be different when it is used for a distributed hydrological model or to 
determine the topographic attributes of the landscape. Techniques for extracting 
drainage networks from a DTM has been described by many researchers 
including Olivera et al. (2002) & Tarboton et al. (1991). The commercial 
software (HEC-HMS) which has been used in this study accepts only grid-type 
DTM as input, as will be discussed in Chapter 4. 
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2.3 Flood Characteristics  
 
2.3.1 Flood Definitions and Meaning 
 
A meaningful definition of floods should not only incorporate the notions of 
inundation and damage, but also move beyond the restrictive definitions of river 
floods given, for example, by Chow (1956). Flood is natural or man-made 
disaster caused by flooding when water table has reached the river bank and 
the severity of this disaster depends on conditions and size of flood (Chow, 
1980). Flood happen when the rate of water flow has become more intense 
than the river could hold, it would spread all over urban, agricultural and forest 
area. Therefore, flood is more danger than flooding. This coincides with the 
concept of flooding defined as water flowing or trapping in various areas without 
area owner‟s consent (Mangsilp, 2007). If damages resulted from flooding, it 
should be called flood (Strahler & Strahler, 1983). Flood is a relatively high flow 
which overtaxes the natural channel provided for the runoff (Leopold et al., 
1964). It is water flowing in strong current until causing loss of lives and assets. 
In other words, floods result from more water than streams and rivers could 
hold. Most floods happened at lower watersheds with movement of water from 
high to low areas of watershed (Brook et al., 1991). 
 
Problems related to flooding have greatly increased over recent decades 
because of population growth and the subsequent development of extensive 
infrastructures in close proximity to rivers. Increased frequency of extreme 
rainfall events, characteristic for the changing climate, can also potentially 
contribute to this problem (Al-Sabhan et al., 2003). 
 
 
2.3.2 Floods as Hazards 
 
  
 
 
 
  
2.3.2.1 Flooding as a Natural Hazard 
  
 
  
Because of its devastating nature, flooding poses serious hazards to lives and 
livelihoods in many parts of the world. According to the Federal Emergency 
Management Agency (FEMA) of the United States, flooding is one of the most 
common and widespread of all natural disasters. 
 
Based on Smith & Ward (2008), natural hazards result from the potential for 
extreme geophysical events, such as floods, to create an unexpected threat to 
human life and property. When severe floods occur in areas occupied by 
humans, they can create natural disasters which involve the loss of human life 
and property plus serious disruption to the ongoing activities of large urban and 
rural communities. Although the terms 'natural hazards' and 'natural disasters' 
emphasise the role of the geophysical processes involved, these extreme 
events are increasingly recognised primarily as the 'triggers' of disaster, which 
often have more complex origins including many social and economic factors. 
 
 
 
  
A flood in a remote, unpopulated region is an extreme physical event, of 
interest only to hydrologists. Entirely natural floodplains can be drastically 
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changed but not damaged by the events which create them. Indeed, most 
floodplain ecosystems are geared to periodic inundation. Terms such as flood 
risk and flood losses are, therefore, essentially human interpretations of the 
negative economic and social consequences of natural events. As with other 
human value-judgments, different groups of people have been found to differ 
significantly in their selection and definition of the risks from flooding (Green et 
al., 1991). In addition, the flood risk in any given locality may be increased by 
human activity, such as unwise land-use practices related to deforestation or 
urban development. Equally, the flood risk may be reduced by flood control 
structures or by effective emergency planning. The real risk from floods stems 
from the likelihood that a major hazardous event will occur unexpectedly and 
that it will impact negatively on people and their welfare. 
 
 
 
  
Flood hazards result from a combination of physical exposure and human 
vulnerability to geophysical processes. Physical exposure reflects the type of 
flood events that can occur, and their statistical patterns, at a particular site, 
whilst human vulnerability reflects key socio-economic factors such as the 
number of people at risk on the floodplain or low-lying coastal zone, the extent 
of flood defense works and the ability of the population to anticipate and cope 
with hazards. It is the balance between these two elements, rather than the 
physical event itself, which defines natural hazard and determines the outcome 
of a natural disaster. 
 
In Figure 2.10, variations of a river stage through time are plotted in relation to 
the band of social and economic tolerance available at a hypothetical location. 
As long as the river flows close to the average, or expected level, there is no 
hazard and the discharge will be perceived as a resource because it supplies 
water for useful purposes, such as irrigation or water transport. However, when 
the river flow exceeds some predetermined threshold of local significance and 
extends outside the band of tolerance, it will cease to be beneficial and be 
perceived as a hazard. Thus, very low or very high flows will be considered to 
create a drought hazard or a flood hazard respectively. The impact of the 
hazard will, in part, be determined by the magnitude of the event (expressed by 
the peak deviation beyond the damage threshold on the vertical scale) and the 
duration of the event (expressed by the length of time the threshold is exceeded 
on the horizontal scale). But the true significance of flood disaster will primarily 
depend on the vulnerability of the local community. Rivers often overflow their 
banks without creating a significant hazard and such hydrologically defined 
'flood flows' may create little economic damage and produce no response from 
the emergency services. Indeed, like many other natural hazards, low-
magnitude-high-frequency floods provide gains as well as losses to the 
community at risk. 
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Figure 2.10: Sensitivity to Flood Hazard Expressed in Relation to the 
Variability of River Discharge and the Degree of Socio-
conomic Tolerance at a Site (Modified after Hewitt and  
                     Burton, 1971). 
 
 
 
Another important attribute of flood risk is the relative unpredictability of the 
event. Unexpectedness, combined with the difficulty of issuing precise warnings 
of location and timing, is a major cause of flood disaster, especially with flash 
floods. On the other hand, many rivers exhibit regular floods which, especially in 
large drainage basins, will rise slowly and predictably in a seasonal 'flood pulse', 
thereby offering an opportunity for an efficient loss-reducing response. Most 
important of all from the standpoint of effective loss mitigation, floods recur in 
well-identified topographical settings which can be accurately mapped and can 
either be defended against by engineering works or mitigated by other response 
strategies.  
 
An example of one of the natural devastative flood events which happened in 
Europe in the last two decades is the Saxony flood in Germany.  Martin Socher 
(2007) mentioned that in August 2002 torrential rains in Bohemia and the Ore 
Mountains of up to 340 mm per day (highest ever recorded values in daily 
precipitation for Germany) caused floods in the Elbe River and its tributaries 
unprecedented in written history in Saxony. In Saxony alone 21 fatalities 
occurred, 25,300 houses were damaged including important public buildings 
like hospitals, schools, and nurseries, 200 of them were destroyed. The 
transport infrastructure was disastrously damaged including 750 km of roads, 
540 km railway network and 180 bridges. Around 18,000 individual damages at 
reservoirs, dykes, weirs, river embankments and other hydraulic structures 
occurred. In total the damage added up to more than six billion € not including 
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indirect losses of the private economic sector. Figure 2.11 shows examples of 
the damages caused in Saxony by the flood event in 2002.  
 
 
 
 
 
Figure 2.11: Examples of the Damages Occurring during the Saxony Flood  
Event 2002 (Socher, 2007).  
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2.3.3 Types of Flooding  
Flooding can be divided into different categories according to their duration: (i) 
Slow-Onset Floods, (ii) Rapid-Onset Floods, and (iii) Flash Floods. 
 
2.3.3.1 Slow-Onset Floods 
Slow-Onset Floods usually last for a relatively longer period; it may last for one 
or more weeks, or even months. Hence, it can lead to lose of stock, damage to 
agricultural products, roads and rail links. 
 
2.3.3.2 Rapid-Onset Floods 
 
Rapid-Onset Floods last for a relatively shorter period; they usually last for one 
or two days only. Although this kind of flood lasts for a shorter period, it can 
cause massive damages and pose great risk to life and property as people 
usually have less time to take preventative action during rapid-onset floods. 
 
 
2.3.3.3 Flash Floods 
Flash Floods may occur within minutes or a few hours after heavy rainfall, 
tropical storm, failure of dams or levees or releases of ice jams. They cause the 
greatest damages to society. 
Flooding can also be divided into different categories according to their 
location: (i) River Flood, (ii) Coastal Floods, (iii) Arroyos Floods and (v) Urban 
Floods. 
 
2.3.3.4 River Floods 
This is the most common type of flooding. Floods in river valleys occur mostly 
on floodplains or washlands as a result of flow exceeding the capacity of the 
stream channels and overspilling the natural banks or artificial embankments. 
Sometimes inundation of the floodplain, or of other flat areas, occurs in wet 
conditions when an already shallow water-table rises above the level of the 
ground surface. This type of water-table flooding is often an immediate 
precursor of overspill flooding from the stream channels. 
 
2.3.3.5 Coastal Floods 
Coastal Floods usually occur along coastal areas, including estuaries and 
deltas, involve the inundation of land by brackish or saline water. Brackish-
water floods result when river water overspills embankments in coastal reaches 
as flow into the sea is impeded by high-tide conditions.  
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Overspill is exacerbated when high-tide levels are increased above normal by 
storm-surge conditions or when large freshwater flood flows are moving down 
an estuary. 
 
 
2.3.3.6 Arroyos Floods 
 
An arroyo is a dry riverbed which tends to fill with water in the rainy season. 
When there are storms approaching these areas, fast-moving river will normally 
form along the gully and cause damages, as they are prone to flash-flooding 
and erosion. An equivalent is the occasional flooding of wadis in desert areas. 
 
 
2.3.3.7 Urban Floods 
When metropolitan areas experience heavy rainfall, unless the city has a 
sufficient drainage system, streets will flood because most of them are usually 
paved. Also the lack of absorption materials like trees and grass which lead to 
urban floods. 
 
2.3.4 Causes of Floods 
 
   Most river floods result directly or indirectly from climatological events such as 
excessively heavy and/or excessively prolonged rainfall. In cold-winter areas, 
where snowfall accumulates, substantial flooding usually occurs during the 
period of snowmelt and ice-melt in spring and early summer, particularly when 
melt rates are high. Floods may also result from the effects of rain falling on an 
already decaying and melting snowpack. An additional cause of flooding in cold-
winter areas is the sudden collapse of ice jams, formed during the break-up of 
river ice. According to Mangsilp (2007) there are two major causes of flooding:     
 
 
2.3.4.1 Direct Cause 
 
The direct causes of flood are summarised in Table 2.4. 
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Table 2.5: Direct Causes of Flood. 
 
Cause  Events 
Prolongated 
heavy rainfall 
It caused by different events such 
as: Tropical Cyclones include 
clusters of low pressure that 
developed into tropical storm and 
Monsoon which is traditionally 
defined as a seasonal reversing 
wind accompanied by seasonal 
changes in precipitation. 
In November 2006, 
heavy rain caused 
large parts of 
Afghanistan to flood. 
The official death toll 
was set on 80, and it 
took more than two 
days to reach some 
of the most severely 
flooded villages. 
Sloping terrain It would cause severe flood. 
Flood that has happened this way 
would be so sudden. 
 
High tidal It is happened at highest 
elevation, so called, highest tide 
is when sea water also support 
river water which caused the 
reduction or stop water flow and 
unable to drain into the sea. 
 
Hurricane Ike is a 
costliest hurricane 
which make landfall 
in Galveston Island, 
Texas, USA. It made 
landfall on Sep. 2008. 
Its effects were 
crippling and long-
lasting. Ike's effects 
included deaths and 
widespread damage. 
Earthquake/ 
Volcanic 
outburst 
Results from earthquake or 
volcano ruption under the water 
have affected some parts of earth 
surface extensively. Some parts 
of earth surface would be pushed 
higher while some parts 
collapsed and caused waves 
along the shorelines. 
The Indian Ocean 
earthquake was an 
undersea megathrust 
earthquake that 
occurred on Dec. 
2004 with an 
epicenter off the west 
coast of Sumatra, 
Indonesia. 
Dam collapse It caused by a sudden flood might 
create extensive damage, 
especially in the surrounding of 
the break. 
Record flooding 
caused failure of the 
Lake Delhi Dam in 
Iowa, USA on July 
2010. Up to 300 
houses around the 
lake were flooded.  
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2.3.4.2 Indirect Cause 
 
Man-made flood cause, flood caused by collapsing dams, has resulted from 
rapid growth and increasing numbers of population in urban areas. With the city 
expansion, increasing construction would obstruct water passage and block 
drainage area. 
 
  
2.3.5 Flood Applications in Remote Sensing 
 
 
The application of satellite data to flood mapping began with the launch of the 
first remote sensing satellite Landsat-1 in the early 1970‟s (Hallberg el al., 1973 
& Morrison and White, 1976). Spatial and temporal patterns of inundation areas 
can be inferred from multi-temporal satellite images: visible/infrared (IR) or SAR 
sensors are used to delineate floodplains (Hess et al., 2003; Mertes et al., 1995; 
Smith, 1997 & Toyra et al., 2001). In addition, the potential of satellite radar 
altimetry for monitoring water levels of large rivers has already been 
demonstrated (Birkett, 1998; de Oliveira et al., 2001 & Maheu et al., 2003). 
Birkett et al. (2002) undertook an extensive validation study of water levels 
derived from Topex / Poseidon radar altimeter over the entire Amazon basin 
and used satellite radar altimetry to estimate elevation profiles and water 
surface gradients along the Amazon mainstream. 
 
Remote sensing considered as a very effective tool for flood management in 
different ways; it introduces detailed mapping that is required for the production 
of hazard assessment maps and for input to various types of hydrological 
models, it develops also a larger scale view of the general flood situation within 
a river basin with the aim of identifying areas at greatest risk and in the need of 
immediate assistance. Remote sensing and GIS techniques have successfully 
established their applications in following areas of flood management such as 
flood inundation mapping, flood plain zoning and river morphological studies. 
 
 
 
2.3.5.1 Flood Inundation Mapping 
 
Flood mapping during the flooding and flood plain mapping after the flood 
recedes is essential. One of the important information required is the nature and 
extent of the damage caused by floods in the flood prone areas.  
 
Satellite remote sensing provides synoptic view of the flood-affected areas at 
frequent intervals for assessing the progression and recession of the flood 
inundation in short span of time which can be used for planning and organizing 
the relief operations effectively. Remote sensing can effectively be used for 
mapping the flood-damaged areas. For mapping purposes, a pre-flood scene 
and a peak flood image would be compared to delineate the inundated area. 
Flood inundation maps can be used to (i) define spatial extent of flood 
inundation, (ii) identify the worst flood affected areas, and (iii) evaluate impact of 
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flooding on environmental concerns, such as, coastlines, forests, open space 
etc. 
 
 
2.3.5.2 Flood Plain Zoning 
 
Flood hazard zone mapping can be used as a means of non-structural flood 
control planning of the flood plain and for making policy decisions to regulate 
the flood plain development activities. Using historic satellite data combined 
with hydrological and close contour data, a flood hazard zone map can be 
prepared for flood prone basins. 
 
 
2.3.5.3 River Morphological Studies 
 
River morphology is concerned with the structure and form of rivers including 
channel configuration, channel geometry, bed form and profile characteristics. 
Various flood control structural measures such as construction of 
embankments, channel improvements, raising of villages, selective dredging 
etc. have been implemented in past to reduce the impact of the flood disaster 
on human life and property. It is essential to monitor the embankments regularly 
to identify the vulnerable reaches. Conventional methods of river survey time 
consuming and expensive. Most of the flood prone rivers in India change their 
course after every flood wave eroding river banks. Satellite remote sensing 
based morphological studies are quite useful to identify the changes in river 
course over a time period and also identifying the erosion prone areas along the 
river course. Moreover, it considered a powerful tool to evaluate the efficacy of 
flood management structures. 
 
The river configuration and flood control works maps can be effectively used to 
identify the vulnerable river reaches and status of the flood control 
embankments/spurs so that necessary measures can be taken accordingly to 
avoid breaches. The bank erosion maps can be used for planning bank 
protection works. The study of river configuration will be useful to understand 
the behavior of the river and can be used for laying physical models. 
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Chapter 3: Tools and Methods 
 
In this chapter, a description of the study area, the used data sets and their 
sources, the applied instruments and softwares, and the general layout of the 
implemented methodology are presented. 
 
 
3.1 Study Area 
 
The Gottleuba Catchment, approximately 400 sqkm in size, located south of 
Pirna (Saxony, Germany) is investigated (Figure 3.1). The central coordinates 
are 50° 52' 30” N and 13° 45‘ 30” E, with approximately 22 km width and 18 km 
length. Pirna is located southeast of Dresden near the Elbsandsteingebirge in 
the Elbe Valley, where the nearby rivers Wesenitz from the north and Gottleuba 
from the south drain into the Elbe. Pirna is also called ’’Tor zur Sächsischen 
Schweiz ’’ (’’Gate to the Saxon Switzerland’’). The Sächsische Weinstraße 
leads from Pirna over Pillnitz, Dresden, and Meißen to Diesbar-Seußlitz was 
dedicated in 1992. In August 2002 the city suffered great damage in the widest-
spread flooding in Europe for many decades.  
 
 
 Figure 3.1: Gottleuba Catchment (Saxony, Germany), (Socher, 2007). 
 
According to the management report issued by the ’’Sächsisches Landesamt für 
Umwelt, Landwirtschaft und Geologie’’ (LfULG, 2004), the flood was caused by 
rainfall which was exceptional in terms of intensity, duration and areal 
distribution. More than 200 mm of rain fell in large parts of the Osterzgebirge in 
just three days. That is between two to three times as much as the average 
rainfall for the entire month of August. However, the one-day values for rainfall 
in the peak precipitation area, which was rather small, were very close to the 
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physically possible maximum. Because of its geological condition and the 
moisture it already contained, the soil was incapable of absorbing much water 
and was quickly saturated. As a result, it could neither hold water, nor delay 
discharge in any significant way. Consequently, 60 to 90 per cent of the 
precipitation ran off in many areas with a very short period of time. This led to 
discharge rates far beyond any known values in almost all of the investigated 
watercourses.     
Gottleuba River is one of the five Elbe tributaries of the River Elbe in the ’’Ore 
Mountains’’. Table 3.1 lists the precipitations in their catchments. In Saxony the 
typical mean rainfall value is about 660 mm per year. In 2002 the highest 
precipitation value near the source of the Müglitz and Weißeritz Rivers, was 
recorded. In addition, high precipitation and humidity values were measured at 
the time before the event. The event caused massive damage in the river 
valleys. 
 
 
Table 3.1: Intensity of Precipitation during 24 and 72 Hours (LfULG, 2004). 
 
River 
Precipitation at 
12/08/2002 
(mm) 
Precipitation from 11/08/2002 to 
13/08/2002 
(mm) 
Biela 150 191 
Gottleuba 182 231 
Müglitz 237 296 
Lockwitz 194 245 
Weißeritz 220 265 
 
 
3.2 Data Sources 
 
It is important to critically screen the data in order to meet the needs of the 
methods applied in this thesis. Spatial data come in different formats, such as 
resolutions, intended uses etc.. Based on the objectives and methodology of 
this thesis, the main data required are DTM, landuse and land soilmaps, TSX 
data, ALOS PALSAR data, water storage data, hydrological data, and 
meteorological data. 
 
 
3.2.1 DTM 
A high-resolution Airborne Laser Scanning (ALS) - derived DTM (2m) is 
recommended for the hydrological application in this study to improve the 
spatial resolution of the delineated watershed. The DTM data (ATKIS-DGM2) 
with high resolution were provided from the Staatsbetrieb Geobasisinformation 
und Vermessung Sachsen (GeoSN), Germany. The ATKIS-DGM2 describes 
the ground surface by spatial coordinates of a representative set of ground 
points. From each grid point the position and the elevation can be determined 
with a grid spacing of 2 meters with height accuracy of + / - 0.2 m (www2) as 
shown in Figures 3.2 & 3.3. The surface points, such as buildings and 
vegetation are not included in this model. ATKIS (Authoritative Topographic-
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Cartographic Information System) is a product of the Working Committee of the 
Surveying Authorities of the States of the Federal Republic of Germany, AdV. 
 
 
4530000  5660292   169.18   
4530000  5660294   169.04  
4530000  5660296   168.95  
4530000  5660298   168.85  
4530000  5660300   168.78  
4530000  5660302   168.70  
4530000  5660304  168.65  
4530000  5660306   168.53  
          Figure 3.2: General Extract from ASCII File of ATKIS-DGM2. 
 
 
 
 
 
 
  
 Figure 3.3: General Extract from Grid File of ATKIS-DGM2. 
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3.2.2 Landuse Map 
The landuse data were obtained from the GeoSN. The acquired data are 
‘‘Biotoptypen- und Landnutzungskartierung (BTLNK)‘‘. The BTLNK data were 
produced through within a project between the Staatsbetrieb 
Geobasisinformation und Vermessung Sachsen and the Saxon State Ministry of 
the Environment and Agriculture in 2005. They provide information about the 
actual status of the landscape features of the Free State of Saxony, Germany. 
The obtained landuse is illustrated in Figure 3.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
  
 
 
 
   
 
 
Figure 3.4: Landuse Map of Gottleuba Catchment. 
 
 
3.2.3 Soil Map 
The soilmap data were obtained from GeoSN. The acquired data are 
Bodenkonzeptkarten (BKkonz). The BKkonz is a general map based on older 
data. It was derived and combined from agricultural and forest site maps. The 
units of the BKkonz represent contours of regional agricultural and forest in the 
field location types. The assignment of the pedological contents was carried out 
by experts. The encoding is essentially on the basis of the German Soil 
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Mapping Instructions (4th Edition, Hanover 1994). The obtained soilmap is 
shown in Figure 3.5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 3.5: Soilmap of Gottleuba Catchment. 
 
3.2.4 Spaceborne SAR Data  
3.2.4.1 TerraSAR-X  
On 31.05 and 17.06.2010 two TSX images were acquired by DLR in Stripmap 
mode with a pixel size of 3 m. The absolute radiometric accuracy in Stripmap 
mode is specified to be 0.71 dB. The main characteristics are shown in Table 
3.2. The obtained TSX image of 31.05.2010 and its location are shown in Figure 
3.6. 
 
Table 3.2: Main Characteristics of TSX Images. 
 
Sensor Freq. Date 
Time 
UTC 
Inc. 
angle 
Pol. 
Orbit 
direction 
TSX 
9.65 
GHz 
31.05.210 16:51 43° HH Ascending 
17.06.210 16:43 31° HH Ascending 
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Figure 3.6: TSX Image Acquired on 31.05.2010. 
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3.2.4.2 ALOS PALSAR Data 
On 31.05.2010 at 21:21 UTC one ALOS PALSAR image with 12 m pixel size 
was acquired from the Earth Observation Link (EOLi). EOLi is the ESA's client 
for Earth Observation Catalogue and Ordering Services. Within the period 
between 31.07.2009 until 09.08.2010 six orders were placed as demonstrated 
in Figure 3.7, only two of them were confirmed. The first image was 
acquisitioned on 31.05.2010 and delivered on 23.07.2010 covering the right part 
of the study area, and the other image was acquisitioned on 17.06.2010 and 
delivered on 19.08.2010 with a wrong location. Several attempts were carried to 
make EOLi correct this error from their side, or to order another alternative 
image without success. Therefore, only one ALOS PALSAR image was applied 
in this thesis in addition to the two TSX images. The acquisition mode of the 
obtained ALOS PALSAR image (1.27 GHz) is Fine Beam Double Polarisation 
(FBD) HH+HV, with an Incidence angle is 34° and an ascending orbital 
direction. The ALOS PALSAR image acquired on 31.05.210 and its location are 
shown in Figure 3.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Figure 3.7: ALOS PALSAR Orders History. 
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Acquired image 
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Figure 3.8: ALOS PALSAR Image Acquired on 31.05.2010.  
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Reserveraum IR = 0,000 Mio. m³
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3.2.5 Storage Data 
 
Gottleuba catchment contains five reservoirs: HRB Liebstadt, HRB 
Friedrichswalde / Ottendorf, TS Gottleuba, HRB Mordgrundbach, and HRB 
Buschbach. The position of each reservoir, storage data, the max outflow and 
water elevations were obtained from the Landestalsperrenverwaltung des 
Freistaates Sachsen (LTV) in Pirna, Germany. The main characteristics of 
these reservoirs are given in Table 3.3 and Figures 3.9 to 3.13. 
 
 
Table 3.3: Main Characteristics of Gottleuba Catchment Reservoirs. 
 
 
 
     
 
 
 
 
 
 
 
 
 
 
             Figure 3.9:  HRB Liebstadt Reservoir. 
 
 
 
 
 
 
 
 
 
 
  
  
             Figure 3.10:  HRB Friedrichswalde / Ottendorf Reservoir. 
Reservoir 
UTM-WGS 84- Zone 
33 
Constr. 
Year 
Q 
max 
m³/s X Y 
1. HRB Liebstadt 419203 5633826 1967 16 
2. HRB Friedrichswalde / Ottendorf 423377 5638470 1970 7 
3. TS Gottleuba 424779 5632327 1976 35 
4. HRB Mordgrundbach 426298 5629976 1966 5 
5. HRB Buschbach 428465 5630960 1963 8.5 
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           Figure 3.11: TS Gottleuba Reservoir. 
 
 
 
 
 
 
 
 
 
 
 
 
  
   
           Figure 3.12: HRB Mordgrundbach Reservoir. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            Figure 3.13: HRB Buschbach Reservoir. 
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3.2.6 Hydrological and Meteorological Data  
 
Discharge data is required for model validation and verification based on the 
Saxon flood event of 2002. Historical and recent discharge data were obtained 
from the LfULG. The other additional required data sets are precipitation, global 
radiation, relative humidity, wind speed, maximum and minimum air 
temperature were acquired from for the Department of Meteorology, Technical 
University of Dresden. These data sets extracted and interpolated as daily 
gridded data of 500m x 500m within the project of Statistische Untersuchungen 
regionaler Klimatrends in Sachsen (CLISAX). The CLISAX record has its origin 
in the monitoring networks of the German Weather Service (DWD) and the 
Czech. Precipitation map from 11 to 13 August 2002 in Germany is shown in 
Figure 3.14. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
      Figure 3.14: Areal Distribution of Precipitation in Germany from 11 to 13 
August 2002, (DWD).  
 
 
 
Study Area 
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3.3 Applied Instruments and Software 
 
3.3.1 Instruments 
 
Field measurements of the volumetric soil moisture were carried out using a 
Time Domain Reflectometry (TDR - HH2 Moisture Meter) Figure 3.15. The 
sensor converts the measured dielectric properties into water content over the 
full range, 0 – 80%, using calibration tables (WET Sensor User Manual, 2005).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                         Figure 3.15: TDR - HH2 Moisture Meter. 
 
 
 
3.3.2 Software  
 
3.3.2.1 ERDAS IMAGINE 9.2 
 
IMAGINE is a remote sensing software  with raster graphics editor capabilities, 
designed by ERDAS for geospatial applications. It has been primarily developed 
for geospatial raster data processing and allows to prepare, display and 
enhance digital images for mapping with GIS or in CADD software. It performs 
advanced remote sensing analysis and spatial modelling to create new 
information (www3).  
 
3.3.2.2 ASF MapReady 2.3.6 
ASF MapReady (Alaska Satellite Facility) is a program for converting SAR data 
into a GIS-ready image format (GeoTIFF). Also, the SAR data can be 
geocoded, and/or terrain corrected.  
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3.3.2.3 ArcMap 9.3 
 
ArcMap is the main component of the ArcGIS of the ESRI suite of geospatial 
processing programs, and it is used primarily to view, edit, create and analyse 
geospatial data. ArcMap allows to explore data within a data set, to symbolising 
features accordingly, and to create maps. In addition, it is possible to create and 
manipulate data sets to include a variety of information. 
 
 
3.3.2.4 HEC-HMS 3.4 
 
HEC-HMS is designed to simulate the precipitation-runoff processes of dendritic 
watershed systems; and applicable to a variety of geographic areas for solving 
the widest possible range of problems. This includes large river basin water 
supply and flood hydrology as well as small urban or natural watershed runoff. 
The program is a generalised modelling system capable of representing many 
different watersheds (www4). 
 
 
 3.3.2.5 HEC-GeoHM 4.2.93 
 
HEC-GeoHMS uses ArcMap and the Spatial Analyst extension to develop a 
number of hydrologic modelling inputs for the HEC-HMS. HEC-GeoHMS 
analyses the digital terrain information and transforms the drainage paths and 
watershed boundaries into a hydrological data structure that represents the 
watershed response to precipitation (www5). The applied version of HEC-
GeoHMS requires ArcGIS 9.3 with the Spatial Analyst extension. 
 
 
3.3.2.6 Arc Hydro Tools 1.3 
 
The Arc Hydro Tools (AHT) are a set of public domain utilities developed jointly 
by the Center for Research in Water Resources of the University of Texas at 
Austin, and ESRI. They provide functionalities for terrain processing, watershed 
delineation and attribute management (www6). The Arc Hydro Tools 1.3 require 
ArcGIS 9.2/9.3 with the Spatial Analyst extension and the Water Utilities 
Application Framework (ApFramework). 
 
 
3.3.2.7 BROOK90 ver 4.4e 
 
The BROOK90 software is designed for evaporation, soil water and stream flow 
simulation. BROOK90 simulates the water budget on a unit land area at a daily 
time step and is applicable to all land surfaces. Input of daily precipitation and 
maximum and minimum temperatures is required, and daily solar radiation, 
vapor pressure, and wind speed are desirable (www7). 
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3.4 Research Methods 
 
DTM data are widely applied to delineate watershed boundaries and stream 
networks. A GIS provides a flexible environment to enter, analyse, and display 
digital data from various sources necessary for feature identification, change 
detection, and database development. In the present study, GIS will be 
employed to organise and process elevation data. 
 
The methodology of this research consists of three main parts, which are 
summarised in Figure 3.16. The first part describes how to delineate the 
Gottleuba watershed boundaries and its drainage networks using RS and GIS 
tools. The second part clarifies the use of SAR techniques to derive the soil 
moisture content corresponding to the degree of saturation in the near surface 
soil layer. In the last part the extracted watershed characterisation, 
meteorological data and the hydrological parameters including the derived soil 
moisture will be applied to drive the runoff model by means of automated 
hydrological processing (HEC-HMS) model. 
 
 
  
 
Figure 3.16: Methodology Scheme. 
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Chapter 4: Procedure of Application 
 
In this chapter, the generation of the Gottleuba Watershed, the hydrologic 
parameters estimation, the extraction of the surface soil moisture content from 
spaceborne SAR data, and the setting-up of the hydrological model to 
implement the rainfall runoff transformation process are presented in details.  
 
 
4.1 Watershed Generation 
 
The functions for hydrological analysis materialised in different software 
packages are relatively similar. The Geospatial Hydrologic Modelling HEC-
GeoHMS and AHT extensions of ArcMap are popular software packages. They 
use ArcMap and its Spatial Analyst extension to input a number of data for 
hydrological modelling. The HEC-GeoHMS and the AHT analyse the digital 
terrain information and transform the drainage paths and watershed boundaries 
into a hydrological data structure that represents the watershed response to 
precipitation. The HEC-GeoHMS can also transform the drainage paths and 
watershed responding to precipitation.  
 
 
4.1.1 Terrain Preprocessing  
 
Terrain Preprocessing uses a DTM to identify the surface drainage pattern. 
Once preprocessed, the DTM and its derivatives can be used for efficient 
watershed delineation and stream network generation (AHT, Tutorial, 2009). 
 
The first step in watershed delineation is the DTM reconditioning using the 
drainage network topographic dataset and the high resolution ALS-DTM 2m in 
the AHT.  
 
 
4.1.1.1 DTM Reconditioning 
 
This function modifies a DTM by super imposing linear features onto it 
(burning/fencing). It is an implementation of the AGREE method developed 
Center for Research in Water Resources at the University of Texas at Austin. 
By DTM reconditioning the degree of agreement between stream networks 
delineated from the DTM and the input vector stream networks can be 
increased (AHT, Tutorial, 2009). The output is a reconditioned AGREE-DTM. 
 
 
4.1.1.2 Filling the Sinks 
 
The second step in the watershed delineation is to “hydrologically correct” the 
raw DTM by filling sinks. The Fill Sinks function fills the sinks in a grid. If cells 
with higher elevation surround a cell, the water is trapped in that cell and cannot 
flow. The Fill Sinks function modifies the elevation value to eliminate these 
problems as shown in Figure 4.1. The resulting grid is essentially a smoothed 
DTM in which extreme topographic differences are filled in (Hydro DTM). 
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Figure 4.1: a) Raw DTM and Drainage Network Topographic Dataset,    
                             b) Fill Sink AGREE-DTM (Hydro DTM). 
 
 
 
4.1.1.3 Flow Direction 
 
This process computes the flow direction for the Hydro DTM. The values in the 
cells of the flow direction grid indicate the direction of the steepest descent from 
that cell. Water flows to one of its neighbouring according to the direction of the 
steepest descent. Flow direction takes one out eight possible values. The eight-
direction pour point algorithm (D-8) assigns the flow direction code to each cell, 
based on the steepest downhill slope as defined by the Hydro DTM, (see Figure 
4.2).  
 
 
 
 
 
 
 
 
     
 a) Coding for     b) Hydro DTM             c) Flow direction grid    d) Representation 
     flow directions                of flow directions 
 
Figure 4.2: Raster-Based Functions for Terrain Analysis for Hydrological     
         Purposes (www8). 
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            Figure 4.3: Flow Direction of Gottleuba Catchment. 
 
 
For distributed hydrological models which require a square grid to support 
physiographic data and rely on a continuous drainage network where each grid 
cell must be directly connected to one, and only one, of its neighbouring cells, 
the eight flow directions (D8) represent a valid approach to model the 
watershed drainage structure (Tribe, 1992). Figure 4.3 shows the flow network 
direction of the Gottleuba catchment. 
 
4.1.1.4 Flow Accumulation  
 
Flow accumulation is the process of measuring the drainage area in units of grid 
cells. The flow accumulation grid that contains the accumulated number of cells 
upstream of a cell, for each cell in the input grid is computed (Figure 4.4). The 
resulting raster essentially indicates the drainage network.  
 
 
 
 
 
 
 
 
 
                 Flow network (not grid)          Flow accumulated grid  
 
  Figure 4.4: Flow Accumulation Procedure (www8).  
Flow Direction 
Codes 
Flow Direction Codes
F r
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4.1.1.5 Stream Definition 
 
This step computes a stream grid which contains a value of "1" for all the cells 
in the input flow accumulation grid that have a value greater than the given 
threshold. All other cells in the stream grid contain no data. 
 
4.1.1.6 Stream Segmentation 
 
The purpose of this task is to create a grid of stream segments that have a 
unique identification. Either a segment may be a head segment, or it may be 
defined as a segment between two segment junctions. All the cells in a 
particular segment have the same grid code that is specific to that segment. 
 
 
4.1.1.7 Catchment Grid Delineation 
 
This is to create a grid in which each cell carries a value (grid code) indicating to 
which catchment the cell belongs. The value corresponds to the value carried 
by the stream segment or sink link that drains that area, defined in the input 
stream segment link grid (Stream Segmentation) or sink link grid (Sink 
Segmentation). 
 
 
4.1.1.8 Raster to Vector Conversion 
 
The grids of stream links and watersheds are vectorised to obtain stream lines 
and watershed polygon datasets. The three processes Catchment Polygon 
Processing, Drainage Line Processing and Adjoint Catchment Processing 
convert the raster data developed so far to vector format. 
 
Catchment Polygon Processing 
 
This function converts a catchment grid it into a catchment polygon feature. 
 
Drainage Line Processing 
  
Drainage Line Processing converts the input Stream Link grid into a Drainage 
Line feature class. 
 
Adjoint Catchment Processing 
 
This function generates the aggregated upstream catchments from the 
Catchment feature class. For each catchment that is not a head catchment, a 
polygon representing the whole upstream area draining to its inlet point is 
extracted. This feature is used to speed up the point delineation process.  
 
Figures 4.5 and 4.6 show the use of the previous three processes to delineate 
the Gottleuba Catchment and the drainage network.  
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Figure 4.5: a) the Gottleuba Adjoint Catchment, b) the Extracted Sub-
Catchments in Raster Format. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
 
   
 
 
 
           
 
 
Figure 4.6: a) Delineated Sub-basin Polygons, b) Stream Network after           
Vectorisation.  
±(a) (b) 
(a) 
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4.1.1.9 Drainage Point Processing  
 
This function allows generating drainage points associated with individual 
catchment Figure (4.7).  
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
 
        
 
    Figure 4.7: Delineated Drainage Points. 
 
 
4.1.2 Watershed Processing 
 
4.1.2.1 Watershed Outlet Determination 
 
This aim of this process is to locate the outlet of the watershed, which is located 
at the junction of the Gottleuba River and the Elbe (mouth of the Gottleuba 
Catchment).  
 
4.1.3 Stream and Basin Characteristics 
 
The basin characteristics determine the physical parameters of streams and 
sub-basins. The main basin characteristics are: 
   
 1. River length. 
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 2. River slope. 
  3. Basin slope. 
 4. Longest flow path. 
 5. Basin centroid. 
 6. Basin centroid elevation. 
 7. Centroidal flow path. 
 
The extracted physical parameters were converted into attribute data and listed 
as shown in Table 4.1. The basin characteristics are illustrated in Figure 4.8.    
 
 
 Table 4.1: Physical Characteristics of Stream Network. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Longest Flow Path (a), and Centroid Points along Longest Flow 
Path (b). 
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4.2 Estimation of Hydrological Parameters 
 
4.2.1 Curve Number  
 
The Curve Number (CN) provides a simple and robust means of estimating 
excess rainfall (King et al., 1999), which is a dimensionless watershed 
parameter, ranging from 0 to 100. A CN of 100 represents the limiting condition 
of a perfectly impermeable watershed with zero retention and thus all the rainfall 
becoming runoff. A CN of zero conceptually represents the other extreme, with 
the watershed abstracting all rainfall with no runoff regardless the amount of 
rainfall (Gumbo et al., 2001). Curve numbers have been calibrated, evaluated, 
and assigned for many sets of measured runoff data and are known to be 
generally reliable over a wide range of geographic, soil, and land management 
conditions.  
 
The Soil Conservation Service (SCS-CN) method which has been applied in 
this research is a simple, widely used and efficient method to determine the 
approximate amount of runoff from a rainfall even in a particular area. Runoff 
CN is a key factor in determining runoff in the hydrological modelling based on 
the SCS-CN, method (USDA, 1986). Although the method is designed for a 
single storm event, it can be scaled to find average annual runoff values. The 
statistical requirements for this method are very low: rainfall amount and curve 
number. The curve number is based on the area's Hydrologic Soil Group 
(HSG), landuse, treatment and hydrological condition. Runoff curve numbers 
are a set of standard empirical curves that are used to estimate storm water 
runoff. 
There exist two ways to calculate runoff, the composited and distributed 
method. The composited method finds the area-weighted average curve 
number and the basin averaged curve number is used to calculate the runoff.  
The distributed method calculates the runoff for each hydrological runoff group 
in the drainage basin and adds the runoff.  Originally, when paper and pencil or 
calculators were the common tools for calculation, the composited method was 
used because there are fewer computational steps.  With the advent of GIS and 
spread sheets, the distributed method is nearly as easy to use once the 
formulas for the drainage basin are developed.  The two methods do not 
produce the same runoff result because the relationship between runoff and 
curve number is not linear (Grove et al, 1998).  The average curve number for a 
basin tends to be closer to the lower curve numbers in the basin than to the 
higher curve numbers.  The U.S. Natural Resources and Conservation Service 
standard approach is the composited method. The general equation for the 
SCS-CN method is shown in Equation (1). 
 
 
𝐐 =  
 𝐏 – 𝟎.𝟐 𝐒 
𝟐
 𝐏+𝟎.𝟖 𝐒  
     (1)  
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𝐒 =  
𝟏𝟎𝟎𝟎
𝐂𝐍 
–  𝟏𝟎                     (2)  
 
                                       
where:  S = the potential maximum retention in meters,  
   P = rainfall depth in millimeters, and 
   Q = runoff depth in millimeters. 
The parameter CN in Equation (2) is a transformation of S, and it is used to 
perform interpolating, averaging, and weighting operations more linear. With the 
nomogramme shown in Figure 4.9 the amount of runoff can be found once the 
rainfall amount and the curve number are known. 
 
   
 
 
 
 
 
 
 
 
 
     
      Figure 4.9: Range of CN‟s and Rainfall Chart (from Technical Release 55   
(TR 55)).  
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4.2.1.1 Hydrological Soil Groups 
 
Soilmap and landuse were required as spatial characterisations to define the CN 
values which were applied in the Rainfall Runoff Model. Table 4.2 illustrates the 
CN values based on HSG and landuse description.  Using a GIS the original 
soilmap (Figure 3.5) was reclassified based on the SCS-CN method as a HSG; 
A, B, C and D to their stormwater runoff potential from low for „„A‟‟ soil type to 
high „„D‟‟ soil type based on the physical soil characteristics following the USDA 
(1985) method. The reclassified soilmap is shown in Figure 4.10.  
 
 
Group A 
 
Soils have low runoff potential, and high infiltration rates even when thoroughly 
wetted (greater than 0.30 in/hr). They consist mainly of deep, well to excessively 
drained sands or gravels. This group also includes sand, loamy sand, and sandy 
loam that have experienced urbanisation but have not been significantly 
compacted. 
 
Group B 
 
Soils have moderate infiltration rates when thoroughly wetted (0.15- 0.30 in/hr). 
They consist mainly of moderately deep to deep, moderately well to well-drained 
soils with moderately fine to moderately coarse textures. This group also 
includes, silt loam and loam that have experienced urbanisation but have not 
been significantly compacted. 
 
Group C 
 
Soils have low infiltration rates when thoroughly wetted (0.05-0.15 in/hr). They 
consist mainly of soils with a layer that impedes downward movement of water 
and soils with moderately fine to fine texture. This group also includes sandy 
clay loam that has experienced urbanization but has not been significantly 
compacted. 
 
Group D 
 
Soils have high runoff potential. They have very low infiltration rates when 
thoroughly wetted (0-0.05 in/hr). They consist mainly of clay soils with high 
swelling potential, soil with permanent high water tables, soils with clay pans or 
clay layers at or near the surface, and shallow soils over nearly impervious 
material. This group also includes clay loam, silty clay loam, sandy clay, silty 
clay and clay that have experienced urbanisation but have not been significantly 
compacted. 
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 Table 4.2: Description and Curve Numbers (from TR-55). 
 
 
 
 
Landuse 
Description  
Cover Description 
Curve Number for 
HSG 
Cover Type and 
Hydrologic Condition 
Impervi-
ous 
Areas % 
A B C D 
Agricultural 
Row Crops - Straight 
Rows + Crop Residue 
Cover - Good Condition 
 64 75 82 85 
Commercial 
Urban Districts: 
Commercial and 
Business 
85 89 92 94 95 
Forest Woods - Good Condition  30 55 70 77 
Grass/Pasture 
Pasture, Grassland, or 
Range -Good Condition 
 39 61 74 80 
High Density 
Residential 
Residential districts by 
average lot size: 118 
acres or less 
65 77 85 90 92 
Industrial Urban district: Industrial 72 81 88 91 93 
Open Spaces 
Open Space (lawns, 
parks, golf courses, 
cemeteries, etc.) Fair 
Condition (grass cover 
50% to 70%) 
 49 69 79 84 
Parking and 
Paved Spaces 
Impervious areas: Paved 
parking lots, roofs, drive 
ways, etc. (excluding 
right-of-way) 
100 98 98 98 98 
Water/ 
Wetlands 
 0 0 0 0 0 
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HSG- Soil Map
polygon_Merge_Dissolve2_Inte
<all other values>
SoilCode
A
B
C
D
The hydraulic condition is based on combination factors that affect infiltration 
and runoff, including (a) density and canopy of vegetative areas, (b) amount of 
year-round cover, (c) amount of grass or close-seeded legumes, (d) percent of 
residue on the land surface (good >= 20%), and (e) degree of surface 
roughness. In Table 4.2, the land cover Forest in good condition means that the 
woods are protected from grazing, and litter and brush adequately cover the 
soil. The Grass/Pasture is in good condition when more than 75% ground is 
covered by grass and lightly or only occasionally grazed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: Reclassified Soil Map of Gottleuba Catchment. 
 
 
 
 
 
 
 
 
 
Soil Code 
±
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For a watershed with sub-basins of different soil types and land cover types, a 
composite curve number CNc is determined (Equation 3) by weighting the CNs 
for the different sub-areas in proportion to the total land area associated with 
each Ai (i= 1,2 , 3, ...... n). 
 
 
 
CNc = CN1 (A1/Atotal) + CN2 (A2/Atotal) + ………. + CNn (An/Atotal)        (3)  
 
 
      
By using the presented landuse classes in Figure 3.4 and the reclassified soil 
map in conjunction with SCS-CN, the curve number grid (Figure 4.11) were 
created by means of the HEC Geo-HMS extension in ArcMap.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Figure 4.11: Extracted CN Grid Values.  
 
 
 
4.2.2 Lag Time  
 
Watershed lag time (Lt ) is the time from the midpoint of rainfall excess to the 
peak of the unit hydrograph ( ASCE, 2006) as shown in Figure 4.12. 
  
CN  
2 0 2 4 61 km
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                Figure 4.12: Hydrograph (from ASCE, 2006). 
 
 
 
The unit hydrograph represents the time distribution of runoff as a result of one 
inch of effective rainfall uniformly distributed over a basin for a specified 
duration, (ASCE, 1996). Equation (4) illustrates that the lag time parameter is a 
function of the hydraulic length, the potential maximum retention, and 
watershed slope. Table 4.3 shows the BasinLag field in the sub-basin feature 
class populated with numbers that represent basin lag time in hours. Also 
Figure 4.13 shows the feature values of the sub-basin Lag time. 
 
 
 
 
𝐿𝑡  = 𝐿
0.8  
(𝑆 + 1)0.7
1900 (𝑤𝑠 )
0.5
                    (4) 
 
 
                     
            
where:  Lt  is the lag time parameter, 
   L is the watershed hydraulic length, 
   ws is the average watershed slope, and 
   S is the potential maximum retention calculated from Equation (2). 
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Table 4.3: Attribute Values of the Hydrologic Parameters of Gottleuba 
Subbasins. 
 
 
 
   
     Figure 4.13: Extracted Sub-basin Lag Time Values. 
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4.3 Soil Moisture Extraction  
 
Soil moisture is an important and very dynamic state variable of the hydrological 
cycle. The knowledge of its magnitude and dynamics is crucial for studying and 
modelling important processes at the earth surface. Therefore, the estimation of 
SM by means of remotely sensed observations is very attractive to domains like 
hydrology, agronomy or meteorology (Engman, 1991). In microwave remote 
sensing, the study of how the microwaves interact with the earth terrain has 
always been interesting for interpreting satellite SAR images (Albert et al.  
2005). Microwave remote sensing holds great promise for hydrology because 
the primary physical property that affects the measurement is directly 
dependent on the amount of water present in the soil (Jackson & Schmugge, 
1989). 
 
Soil moisture plays a critical role in the surface energy balance at the soil-
atmosphere interface and is a key state variable that influences the 
redistribution of the radiant energy and the runoff generation and percolation of 
water in soil. Local measurements of Soil Moisture Content (SMC) are strongly 
affected by spatial variability, besides being time consuming and expensive. 
Moreover, the use of hydrological models for extending the forecast of soil 
moisture over larger areas is not easy, and depends on the homogeneity of the 
selected areas and the information available about them (soil properties, i.e. 
hydraulic characteristics, and permeability, together with meteorological and 
climatological data, etc.).  
 
The possibility of measuring soil moisture on a large scale from satellite 
sensors, with complete and frequent coverage of the Earth‟s surface is 
therefore extremely attractive. The sensitivity to SMC of the radar 
backscattering coefficient (σ°), measured at low microwave frequencies is a 
well-known phenomenon, already investigated by many scientists. Indeed, 
research activities carried out worldwide in the past have demonstrated that 
sensors operating in the low frequency portion of the microwave 
electromagnetic spectrum (P- to L-band) are able to measure the moisture of a 
soil layer, the depth of which depends on soil characteristics and moisture 
profile, and is of the order of some tenths of the wavelength. The most 
significant information was obtained by combining different frequencies, 
polarizations, and incidence angles (Dubois, 1995; Benallegue, 1995; & 
Macelloni, 1999).  
 
 
4.3.1 Influences on the Radar Backscatter Signal 
 
The backscatter signal is dependent on various elements: it is influenced by the 
radar properties itself, like wavelength, depression angle and polarisation, and 
terrain properties like the dielectric material properties, its surface roughness 
and the feature orientation.  
 
The dielectric constant of a material has strong influence on electromagnetic 
energy, especially at radar wavelengths. If the moisture content of a material 
increases, the dielectric constant also increases which then results in a different 
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backscatter signal. High moisture produces a high backscatter which in turn 
leads to a bright image signature. 
 
Radar could therefore be used for the estimation of soil moisture, but as it is 
influenced by other factors as well, this estimation tends to be difficult. Another 
influence is given by the roughness of an object in comparison with the 
wavelength of the radar beam. The backscatter signal is determined by the 
average surface roughness of a ground resolution cell. As a natural surface is a 
complex structure it is difficult to characterise them mathematically. In total 
three roughness categories are distinguished: smooth surface, intermediate 
roughness and rough surface. On a smooth surface the radar beam will be 
reflected to the opposite direction of the incidence angle (this is caused by the 
reflection law: incidence angle equals emergence angle). If no energy returns to 
the antenna, the area will be represented by a dark signature. At a surface with 
intermediate roughness part of the signal is reflected and the other part is 
scattered diffusely. At a rough surface the radar signal is diffusely scattered at 
all angles, which causes a strong backscatter signal and thus results in a bright 
signature. With the help of the Rayleigh criterion a relief can be considered to 
be smooth if it fulfills Equation (5). 
 
 
 
 
h  <
 𝜆
8 sin θ   
                    (5) 
 
 
 
 
where: h represents the vertical relief. 
 
As the roughness is dependent on the radar wavelength a surface can behave 
different for different radar systems. If we assume the same depression angle 
(40°) for radar systems in two different wavebands and the same vertical relief 
(1.4 cm), a surface could be considered as rough in an X-Band image, whereas 
it would have an intermediate roughness in a C-Band image, or even a smooth 
surface in an L-band image (Sabins, 1997). Radar waves can also penetrate a 
surface depending on their wavelength and the surface`s moisture content. 
Figure 4.14 illustrates the penetration depth of different radar bands at different 
surfaces. It is obvious that longer wavelength results in a higher penetration 
depth. With the increase of the SMC, the corresponding penetration depth will 
be decreased.  Ulaby (1996) illustrated in the plots shown in Figure 4.15 an 
example of the variation of the penetration depth with the volumetric moisture 
content (mv) at three microwave frequencies for a homogeneous loamy soil. For 
L-band (1.3 GHz), the depth decreases from 1 m at mv = 1% down to 6 cm at 
40%. 
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       Figure 4.14: Penetration Depth of Different Radar Wavelengths  
                  (Martin, 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
         
 
Figure 4.15: Penetration Depth as a Function of Moisture Content for Loamy 
Soil at Three Microwave Frequencies (Ulaby, 1996). 
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The SAR technique can be used to derive the soil moisture content 
corresponding to the degree of saturation in the near surface layer. Given that 
the presence of dense and high vegetation cover prevents X- and C-band radar 
signals (wavelengths between 3 and 6 cm) from reaching the ground (Fung, 
1994), soil moisture mapping is often carried out exclusively on bare soils or 
zones with little vegetation cover (Baghdadi et al., 2008; Zribi et al., 2008). The 
arrival of the ALOS PALSAR (L-band) has been enabling soil moisture mapping 
based on SAR data to be extended from bare soils to soils with vegetation 
(depending on the density and height of the vegetation). The increasing number 
of SAR satellites and the short revisiting interval of new sensors (TerraSAR-X 
and Cosmo-SkyMed) now make it possible to map soil moistures with high 
temporal frequencies (daily to weekly; Baghdadi et al., 2008). 
 
In the presented study the research for the retrieval of soil moisture focuses on 
the potentials of X and L bands, which are operational on TSX, and ALOS 
satellites. The radar signal at X-band is still sensitive to SMC but it is 
significantly influenced by vegetation and surface roughness, so that the 
estimation of spatial variations of moisture with the accuracy requested in many 
applications is still rather problematic and needs the use of correcting 
procedures. 
 
 
4.3.2 Soil Moisture Estimation from SAR Data 
 
As mentioned in section 3.2.4. Two TSX microwave remote sensing StripMap 
images were acquired on 31 May 2010 and 17 Jun 2010, by DLR. Another 
ALOS PALSAR image was acquired by ESA on 31 May 2010. From these 
images, the backscattering coefficients were determined and from simultaneous 
field works, the corresponding volumetric soil moisture was measured.  
 
The backscatter coefficient (σ°) obtained by SAR sensors is related to the local 
topographic conditions, surface roughness and dielectric constant of the soil. 
The significantly high difference in the dielectric constant between water and dry 
soil and its variation is an indicator of soil moisture concentration. The 
coefficient σ° is composed of backscatter from vegetation (σv), and from soil 
(σs), and the attenuation caused by the vegetation canopy Lc.  
 
This relationship can be expressed in Equations (6) & (7) based on Engman & 
Gurney (1990). 
 
 
σ°= σv + σ s / Lc       (6) 
 
 
Parameter σs has a direct association with the mv as: 
 
 
σ s = Rs S mv      (7) 
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where: Rs is the surface roughness, and 
  S is the soil-moisture sensitivity.  
 
Although these terms may vary with the wavelength, polarisation and incidence 
angle of the radar beam, there is no satisfactory theoretical model suitable to 
estimate these terms independently. Therefore, an empirical relationship 
between the measured backscatter and soil moisture, which is approximately 
linear, is generally established.  
 
 
4.3.2.1 TSX Radiometric Calibration 
 
TSX Radar Brightness Calculations 
 
The radar brightness β˚ is derived from the image pixel values or digital 
numbers (DN) applying the calibration factor KS (Equation 8): 
 
 
 
β˚ = KS . │DN │  (8)  
 
 
where KS is the calibration coefficient for the TSX images (scaling gain value) 
and varies from 10E-6 to 10 E-4 depending on radar incidence angle (θi) and 
polarisation. It is also called calFactor and is given in the TSX data delivery 
package annotation file “calibration”. An extract of these data is shown in Figure 
4.16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           Figure 4.16: Extract of the Annotation File of the TSX- StripMap Image 
Obtained on 17.06.2010. 
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The radar brightness is converted into dB using Equation (9): 
 
 
 
β˚ dB = 10 log10 (β˚)   (9) 
 
 
 
Calculation of Sigma Naught 
 
Backscattering from a target is influenced by the relative orientation of the 
illuminated resolution cell and the sensor, as well as by the distance in range 
between them. The derivation of Sigma Naught thus requires a detailed 
knowledge of the local slope (i.e. local incidence angle), as shown in Equation 
(10): 
 
 
σ°= (KS . │DN │² - NEBN) . sinθloc   (10) 
 
 
Where: KS is the calibration and processor scaling factor given by the parameter 
calFactor, DN is the pixel intensity values, θloc is the local incidence angle. It is 
derived from the Geocoded Incidence Angle Mask (GIM), and NEBN is the 
Noise Equivalent Beta Naught which represents the influence of different noise 
contributions to the signal (Fritz & Eineder, 2008).  
 
 
Equation (10) can be expressed in terms of Beta Naught, as shown in Equation 
(11): 
 
 
σ°= β˚ . sinθloc – NESZ   (11) 
 
 
NESZ is the Noise Equivalent Sigma Zero. Fritz & Eineder (2008) expressed 
the system noise in terms of Sigma Naught (Equation 12): 
 
 
NESZ = NEBN. Sinθloc   (12) 
 
 
NESZ is specified to be between -19dB and -26dB. For this reason the noise 
influence can often be neglected, depending on the considered application. 
 
In case NEBN is ignored, Equation (11) reduces to the Equations (13) & (14): 
 
 
σ°= β˚ . sinθloc        (13) 
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σ° dB = β˚ dB + 10 log10 (sinθloc)    (14) 
 
 
 
Geocoded Incidence Angle Mask  
 
The local incidence angle is the angle between the radar beam and the normal 
to the illuminated surface. The GIM provides information about the local 
incidence angle for each pixel of the geocoded SAR scene and about the 
presence of layover and shadow areas. The GIM product shows the same 
cartographic properties as the geocoded output image with regard to output 
projection and cartographic framing. The content of GIM is basically the local 
terrain incidence angle and additional flags indicating whether a pixel is affected 
by shadow and/or layover or not. 
 
 
Extraction of the Layover and Shadow Identifiers 
 
The shadow areas are determined via the off-nadir angle, which in general 
increases for a scan line from near to far range. Shadow occurs as soon as the 
off-nadir angle reaches a turning point and decreases when tracking a scan-line 
from near to far range. The shadow area ends where the off-nadir angle 
reaches that value again, which it had at the turning point. 
 
Applying Equation (15) yields to the extraction of the Layover and Shadow (LS) 
information: 
 
 
 
LS = GIM mod 10     (15) 
 
 
 
Extraction of the Local Incidence Angle 
 
Equation (16) shows the relation between the local incidence angle in degrees 
and GIM. 
 
 
 
θloc =  
 (GIM − LS)
100 
                     (16) 
 
 
 
By substitution using Equations (9), (15) and in Equation (14) the final equation 
of the backscattering determination is presented in Equation (17): 
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 σ° (dB)  =10 log10 (KS) + 10 * [ 2 log10 (DN) + log10 sin ( GIM- GIM mod10)/ 100 ] 
    
                 (17) 
 
 
4.3.2.2 ALOS PALSAR Radiometric Calibration 
 
The obtained ALOS PALSAR image on 31.05.2010 was geometrically terrain 
corrected as a necessary step to allow geometric overlays of the data and to 
remove effects of side looking geometry of SAR images. A comparison between 
Digital Ortho-Photos (DOP) with 20 cm spatial resolution obtained from GeoSN, 
and the ALOS PALSAR image is illustrated in Figure 4.17. The obtained TSX 
data were already corrected by the DLR.  
 
 
 
 
                             (a)           (b) 
 
Figure 4.17: Comparison between Corrected DOP and ALOS PALSAR Image. 
a) ALOS PALSAR Image before Geocoding and Terrain 
Correction, b) ALOS PALSAR Image after Corrections. 
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To perform a precise absolute calibration and derive σ°, a detailed knowledge of 
the local slope (i.e. θloc) is required. Since the information is frequently not 
available; a “flat terrain” is assumed during processing (based on the ellipsoid of 
WGS-84). The incidence angle correction (area normalisation) has been 
included in the processing, and therefore the final image intensity (i.e. the 
square of the digital number DN) is proportional to the normalised radar cross-
section σ° of the illuminated scene. 
 
The relationship between DN and σ° can be written as: 
 
 
DN²  = σ° . const     (18) 
 
 
The const factor is constant and it is hereafter referred as “absolute calibration 
constant” (K), which is derived from measurements over precision 
transponders.  
 
The calibration constant is derived from the calibration factor (CF). For data 
processed with version 5.04 of the ALOS Data European Node (ADEN) 
Processor (installed on 11.03.09), a CF = –83 dB with accuracy of 0.64 dB was 
obtained.  
 
 
Derivation of Sigma, Beta and Gamma Naught over Distributed Target 
 
Calibrated angles σ°, β˚, ɣ˚ can be calculated as: 
 
 
 
σi,j
° =  K. DNi,j
2
 
 
                       19  
 
 
βi,j
° =  
σi,j
°
sin(∝i,j)
                      (20) 
 
 
γi,j
° =  
σi,j
°
cos(∝i,j)
                      (21) 
 
 
i = 1,2,3,………..L    &     j = 1,2,3,…………M 
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Where: 
 
DNi,j
2
 
   =  Pixel intensity value at image line i and column j 
σi,j
°
 
      =   Sigma nought (backscattering coefficient) at image line i and column j 
β
i,j
°
 
      =   Beta nought (brightness) at image line i and column j 
 
γi,j
°
 
      =   Gamma nought at image line i and column j 
 
∝i,j
°
 
      =   Incident angle at image line i and column j 
 
L, M =   Number of lines and columns in the image 
 
K =   Absolute calibration constant 
 
 
The average backscattering coefficient for an area of interest can be derived as 
an average of σ ᵢ, j  over N= Na × Nr pixels within the distributed target as: 
 
 
 
σavg
° =  
1
N
   
j=Na
j=1
i=Nr
i=1
σi,j
°
 
 
                     (22) 
 
 
 
To obtain sigma naught to dB the following equation is used: 
 
 
 
  σ (dB) = 20 log10 σ  = 20 log10 (DN) + K (dB)    (23) 
 
 
 
 
Speckle Reduction and Preprocessing of SAR Data 
 
The use of coherent radiation during the generation of SAR data causes a 
noise-like phenomenon known as speckle effect which reduces a meaningful 
interpretation. Several adaptive filters have been developed to reduce the 
speckle effect and to obtain the spatial structure and texture of the image 
content at the same time (Seiler et al., 2009). Quantitative measurements like 
the Equivalent Number of Looks (ENL; Equation 24), calculated for 
homogeneous test regions of the SAR images can be used for an evaluation of 
the speckle filter. High ENL values accomplish a high degree of speckle 
reduction (Wang et al., 2004), qualitative evaluation of the speckle filtered 
image by the user is also essential. 
 
In order to determine which of the filters is most effective, six different ones 
were tested regarding their suitability for speckle reduction. Two techniques 
were applied to choose the suitable way of filtering either before or after the 
determination of σ°. Equation (17) was applied for TSX data in order to 
4 Procedure of Application 
80 
 
calculate the backscattering coefficient; this equation transforms the DN into σ° 
in decibels. 
 
 
ENL = Mean² / Variance   (24) 
 
 
 
The ENL values show that the best result of the obtained TSX image on 31May 
2010 were achieved by using the Median filter with a kernel size of 7*7 after the 
determination of σ° as demonstrated in Table 4.4.  
 
 
  Table 4.4: Comparison between Different Filters Using ENL for TSX Data. 
 
Filter Name Kernel Size 
σ° before Filter σ° after Filter  
ENL  
Lee-Sigma 
3 17.43 12.92 
5 17.44 14.30 
7 17.45 15.16 
Median 
3 18.07 12.87 
5 23.03 14.79 
7 26.64 15.93 
Frost 
3 17.46 11.49 
5 20.07 12.13 
7 22.31 12.77 
Local Region 
3 15.60 11.75 
5 18.48 13.18 
7 21.78 14.49 
Mean 
3 15.12 13.09 
5 16.41 14.83 
7 18.82 15.81 
Gamma Map 
3 14.31 12.35 
5 17.49 13.86 
7 21.37 16.25 
 
 
When applying the same procedure on the ALOS PALSAR image, the best 
result was achieved by using Mean filter with a kernel size of 5*5 after the 
determination of σ°. Although the ENL of this filter is less than the ENL of the 
Median Filter with a kernel size of 7*7, the user visual inspection of the speckle 
filtered image for Mean filter was better as shown in Figure 4.18. 
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‟‟Mean‟‟ Filter with kernel size 5*5              ‟‟Median‟‟ Filter with kernel size 7*7 
 
 
Figure 4.18: Comparison between Qualitative Evaluation of Speckle for Two    
Filtered Parts of ALOS PALSAR Image. 
 
 
 
4.3.2.3 Field Measurements of the Soil Moisture  
 
Within a volume of soil the two physical parameters that describe the surface 
area are the specific surface area and the bulk density of the soil (Jackson, 
1989), therefore the volumetric soil moisture was measured. It is equal to the 
multiplication of the gravimetric soil moisture by the dry soil bulk density. 
 
During the SAR data acquisition, field measurements of the volumetric soil 
moisture were carried out simultaneously using the TDR - HH2 Moisture Meter.  
The field measurements were made on both bare and ploughed fields. Also for 
vegetation fields (grasslands and corn fields) measurements were performed. 
Eight to twelve measurements were taken at each tested field location at 0 – 5 
cm soil depths and subsequently averaged. Figure 4.19 illustrates the 
measured soil sample distribution and the applied TDR device. Photographs of 
some tested fields and the used equipments are given in Appendix 2.   
 
The measured TDR volumetric soil-moisture values were obtained on 
31.05.2010 and ranged between 14.1 % and 47.3 % with standard deviations of 
1.02 to 3.24. For the data collected on 17.06.2010, the range of the TDR- 
measured soil-moisture values was between 11.2 % and 25.3 % with a 
standard deviation from 1.1 to 2.11. 
 
In order to validate the TDR measurements, on 31.05.2010 10 soil samples 
were collected from the field. Subsequently, the volumetric soil moisture was 
determined at the laboratory of the Institute of Geography at the Dresden 
University of Technology. Table 8 in Appendix 1 illustrates the calculated mv and 
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corresponding TDR measured values. The results show that the Route Mean 
Square Error (RMSE) is 0.98 % which indicates highly precise TDR 
measurements. 
 
The soil moisture content may be expressed by weight as the ratio of the mass 
of water present to the dry weight of the soil sample, or by volume as a ratio of 
volume of water to the total volume of the soil sample. To determine any of 
these ratios for a particular soil sample, the water mass must be determined by 
completely drying the soil and measuring the soil sample mass after and before 
drying. The water mass (or weight) is the difference between the weights of the 
wet and oven dry samples. The criterion for a dry soil sample is the soil sample 
that has been dried to a constant weight in oven at temperatures between 100 – 
110˚ C (105˚C is typical).  
 
The volumetric soil moisture was then obtained by multiplying the gravimetric 
soil moisture by the dry soil bulk density. 
 
 
Gravimetric soil moisture (SM) can be calculated from: 
 
 
 
SM =
𝑊2− 𝑊3
 𝑊3− 𝑊1
    (25) 
 
 
 
 
where:  W1 = Weight of container, 
   W2 = Weight of moist soil + container, and 
   W3 = Weight of dried soil + container.  
 
 
Bulk density can be calculated from: 
 
 
 
γb 
 =
𝑊3− 𝑊1
(3.14 ∗ r² ∗ h)
    (26) 
  
 
 
where:  r  = radius of the core, and 
   h = height of the core. 
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Figure 4.19: Distribution of the Measured Soil Samples. 
 
 
 
By applying Equation (17) to the TSX images and Equation (23) to the ALOS 
PALSAR image using the Model Maker tool in ERDAS IMAGINE 9.2 the 
backscattering coefficients could be retrieved for each tested field.  
 
The direct correlation between the in-situ measured soil moisture and the 
backscattering coefficient are listed in Tables 1 to 6 in Appendix 1. The relations 
between them were plotted using vertical box plots (Figures 4.20 to 4.22) which 
indicate vertically the different values of the field measurements at each field, 
and the horizontal axis indicates the average backscattering values of 3*3 pixel 
convolutions which were accomplished using the spatial enhancement tool of 
ERDAS IMAGINE 9.2. The regression equations and the coefficient of 
determination (R²) of each plot are listed in Table 4.5. 
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Bare Fields  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Vegetated Fields 
 
 
Figure 4.20: Soil Moisture as a Function of σ˚ (TSX: HH polarisation, incidence 
angle   43˚) on 31.05.2010.
4 Procedure of Application 
85 
 
 
 
 
 
 
 
 
   
 
  
 
 
 
 
 
 
 
 
 
 
Bare Fields 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
Vegetated Fields 
 
 
Figure 4.21: Soil Moisture as a Function of σ˚ (TSX: HH Polarization- 
incidence angle 31˚) on 17.06.2010. 
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Bare Fields 
 
 
 
 
 
 
 
 
 
Vegetated Fields 
 
 
 Figure 4.22: Soil Moisture as a Function of σ˚ (ALOS PALSAR: HH   
polarisation, incidence angle 34˚) on 31.05.2010. 
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Table 4.5: Direct Correlation between the In-situ Measured Soil Moisture and 
Backscattering Coefficient. 
 
Sensor Date 
Regression 
equations of 
baring fields 
R² 
Regression 
equations of 
Grassland/crops 
R² 
TSX 
31.05.2010 mv = 1.68 σ° + 32.47 0.82 mv = 1.46 σ° + 58.59 0.44 
17.06.2010 mv = 2.87 σ° + 50.17 0.88 mv = 1.07 σ° + 30.85 0.56 
ALOS 
PALSAR 
31.05.2010 mv = 1.41 σ° + 37.48 0.91 mv = 5.22 σ°+ 121.58 0.85 
 
 
For further explanation of the content of this table see chapter 5.  
 
 
 
4.3.2.4 Soil Moisture Map Retrieval 
 
After preprocessing of the SAR data a pixel-wise soil-moisture mapping was 
performed for both bare and vegetated soils. Based on the field survey and the 
obtained land cover maps (source: Agrargenossenschaft Osterzgebirge 
Börnersdorf e.G), the various land cover types were detected and subsequently 
soil-moisture maps were produced. The obtained soil maps were merged into 
one single map in ArcGIS as shown in Figures 4.23 to 4.25. The white zones 
represent the buildings, reservoirs, lakes, swamps, and most of all forests. 
These zones were excluded during the soil moisture extraction process. Since 
these missing parts are required as a data entry of the soil moisture for each 
sub-basin in the hydrological modelling, their soil moisture values were 
calculated from the nearest-neighbour pixels in each corresponding sub-basin 
and subsequently averaged. An example is shown in Figure 4.26.   
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Figure 4.23: Soil Moisture Extracted from TSX Image Acquired on 31.05.2010. 
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Figure 4.24: Soil Moisture Extracted from TSX Image Acquired on 17.06.2010. 
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 Figure 4.25:  Soil Moisture Extracted from ALOS PALSAR Image Acquired on 
31.05.2010.  
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Figure 4.26: Mean Values of Soil Moisture Extracted from TSX Image Acquired on            
31.05.2 10 of Gottleuba Subbasins. 
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4.4 Hydrological Modelling 
 
First, the extracted hydrological characteristics from the DTM of the Gottleuba 
catchment were integrated with the extracted spatial data from the SAR images 
in order to generate the hydrological parameters which are used to calculate the 
runoffs for different periods. 
 
The HEC-HMS software was applied to generate the rainfall runoff model. It is 
designed to simulate the precipitation-runoff processes of dendritic watershed 
systems, and applicable in a wide range of geographic areas for solving the 
widest possible range of problems. This includes large river-basin water-supply 
and flood hydrology, and small urban or natural watershed runoff (HEC-HMS 
User‟s Manual). 
 
The HEC-HMS model‟s main inputs are precipitation and watershed model. The 
output is streamflow discharge (Figure 4.27). The HEC-HMS is composed of 
several different modelling components that make up the entire watershed 
model including: (a) basin model which contains the elements of the basin, their 
connectivity, and runoff parameters, (b) meteorological model which contains 
the rainfall and evapotranspiration data, (c) loss method (infiltration model) that 
calculates runoff, (d) storage model, (e) the routing function that accumulates 
modelled flow from each of the distributed sub-basins, creating a streamflow 
hydrograph and (f) the control specifications which contain the start/stop timing 
and calculation intervals for the run. There are several different methods 
available for each modelling component.  
 
 
 
Figure 4.27: HEC-HMS Main Components. 
Stream Flow 
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The output from HEC-HMS was plotted as a hydrograph (flow vs. time plot) and 
the peak flow for model elements was also calculated for junctions, reaches and 
reservoirs. The next sections present the components of the HEC-HMS 
selected for this study. 
 
 
4.4.1 Basin Model Setup 
 
As illustrated in the previous sections 4.1 and 4.2, HEC-GeoHMS was used to 
prepare the input shape files for use in the HEC-HMS model. This preparatory 
function derived the necessary geometric features (slope, length, area, centroid 
location) from the topographic data base. The preprocessing of GIS data is 
necessary for the physical model, since the model calculates the hydrologic 
output on a grid level; subsequently a schematic network with the basin 
elements (nodes, links, junctions, etc.) and their connectivity were created. This 
scheme (illustrated in Figure 4.28-a) was imported into the HEC-HMS as input 
file for the basin model setup (Figure 4.28-b). The processing of these input files 
allows the delineation of the watershed boundaries and sub-basin boundaries. 
HEC-HMS quantifies lengths of the rivers, longest flow paths, slopes, centroid 
locations and lengths to the centroids. 
 
 
4.4.2 Impervious Area 
 
A component of the runoff volume computed by the HEC-HMS model is the 
percentage of the impervious area. The impervious polygon layer was created 
by intersecting the landuse map GIS database with the sub-basin polygons. The 
percentage of the impervious surface area was extracted for each sub-basin 
polygon.  
 
 
4.4.3 Runoff Transformation 
 
The SCS Unit Hydrograph method was used for the transform function. The unit 
hydrograph is an average streamflow response derived from empirical data of 
numerous past events, and is a function of drainage area, sub-basin lag-time, 
and runoff precipitation (McCuen, 1982). The lag time is defined as the time 
between hydrograph peak and event rainfall “center of mass” (NOHRSC, 2005). 
For the lag-time calculations Equation (4) was used. 
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      (a) 
 
      (b) 
 
Figure 4.28: Schematic Network of Gottleuba Basin Elements; a) Obtained from 
HEC-GeoHMS, b) Imported into HEC-HMS. 
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4.4.4 Routing Method 
 
The hydrologic routing from sub-basin outlets was performed using the widely 
applied Muskingum Method. The Muskingum Routing Method uses a simple 
conservation of mass approach to route flow through the stream reach. 
However, it does not assume that the water surface is level. By assuming a 
linear, but non-level, water surface it is possible to account for increased 
storage during the rising side of a flood wave and decreased storage during the 
falling side (USACE, 2010). By adding a travel time for the reach and a 
weighting between the influence of inflow and outflow it is possible to 
approximate attenuation. Ponce (1989) computed the outflow from a reach 
using the following formulas: 
 
 
 
Ot+∆t 
 = Co 
 It+∆t 
 + C1 
 It 
 + C2 
 Ot 
    (27) 
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where: O = outlet flow (m³/sec), 
              I = inflow (m³/sec), 
             S = storage volume (m³/sec), 
             X = dimensionless weighting factor (range from 0.0 to 0.5), 
             K = time constant or storage coefficient (hours), and 
            ∆t = time interval. 
 
 
Two parameters are required for the Muskingum routing routine. The 
Muskingum X parameter was set at the default value of 0.2 and the Muskingum 
K parameter was set at the default value of 1 hour. The X parameter works to 
simulate attenuation of streamflow volume, and the K parameter simulates a 
delay in streamflow as it moves through the channel.  
 
The number of sub-reaches was entered. It affects attenuation where one sub-
reach gives more attenuation, and increasing the number of sub-reaches 
decreases the attenuation.  
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4.4.5 Meteorological Model Setup 
 
Within the CLISAX project the precipitation data sets were extracted and 
interpolated as daily gridded data of 500m x 500m. The CLISAX record has its 
origin in the monitoring networks of the DWD and the Czech. The obtained data 
were in ASCII format and converted into a raster format in ArcGIS. The 
precipitation records were determined for each of the sub-basins by intersecting 
the precipitation grid values with the sub-basins polygons. An example is shown 
in Figure 4.29. The extracted grid values were averaged for each sub-basin by 
using the statistical analyst tool of ArcGIS. 
 
The rainfall data representing depth over time were provided as inputs to a 
meteorological component file in the model. This was used, with a control 
specification file, in order to provide the time steps for the model calculation of 
the rainfall runoff processes. 
 
 
 
 Figure 4.29: Gridded Precipitation Data on 12.08.2002. 
 
 
 
 
infall Grid on 12.08.2002 
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4.4.6 Infiltration Model  
HEC-HMS computes infiltration using the Green & Ampt Infiltration Model which 
includes computing the time to ponding. The time to ponding is the length of 
time required for the precipitation to saturate the soil so that surface runoff 
begins (USACE, 2010). The Green & Ampt Infiltration Model is a physical model 
which relates the rate of infiltration to measurable soil properties such as 
porosity, hydraulic conductivity, and moisture content of a particular soil. 
Infiltration is the movement of water downward through the soil. The rate at 
which water can flow through the soil depends on the properties of the particular 
soil and its water content at the surface. This loss of water to the soil is known 
as abstraction. Other loss mechanisms include streambed losses, interception, 
and storage within topographical depressions.  
There are several models to calculate abstraction due to infiltration including the 
SCS method and the initial loss plus constant loss rate model. However, these 
models have limitations. The SCS-CN relating abstractions to soil types and 
landuse have been arbitrarily determined, and the initial loss plus constant loss 
rate model is a non-physical model calibrated with gagged data. A more 
advantageous method (soil-moisture accounting loss) to determine abstractions 
is to relate loss rates to physical characteristics of the watershed in a 
continuous simulation so that loss rates may be computed as a function of soil 
moisture conditions at the beginning of a rain storm (Reed & Maidment 1998). 
 
4.4.6.1 Soil-Moisture Accounting Loss  
The Soil-Moisture Accounting Loss (SMA) Method in HEC-HMS uses three 
layers to represent the dynamics of water movement in the soil. The model 
simulates the movement of water through and storage of water on vegetation, 
on the soil surface, in the soil profile, and in groundwater layers Bennett (1998). 
It is often used in conjunction with a canopy and surface method. Layers within 
the method include soil storage, upper groundwater, and lower groundwater. 
The method provides for wetting and recovery cycles and can be used for long 
periods of continuous simulation (USACE, 2010). The parameters of the SMA 
Method were determined by calibration with the observed data of the year of the 
Saxony flash flood event 2002. In this iterative process, candidate parameter 
values were proposed. 
 
 
4.4.7 Reservoir Routing 
 
A reservoir is an element with one or more inflow and one computed outflow. 
Inflow comes from other elements in the basin model. If there is more than one 
inflow, all inflows are added together before computing the outflow. It is 
assumed that the water surface in the reservoir pool is level. Several methods 
are available for defining the storage properties of the reservoir. This 
component can be used to model reservoirs, lakes, and ponds. 
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The storage-outflow relationship can be specified by three available methods: 
• Storage-discharge, 
• Elevation-storage-discharge, and 
• Elevation-area-discharge. 
 
In this study, the elevation-storage-discharge function was applied. Here, the 
outflow is computed from the storage-discharge data, and then elevation is 
computed from the elevation-storage data. The required parameters for this 
method are: storage, elevations and discharge values. Interpolation is used 
when the elevation-storage-discharge or elevation-area-discharge methods are 
used (USACE, 2010). Therefore, the initial conditions assumed that the inflow is 
equal to the outflow value. Gottleuba Catchment contains five reservoirs, the 
parameters of the elevation-storage-outflow method for each reservoir provided 
by the LTV. 
 
 
4.4.8 Model Calibration and Verification 
 
The HEC-HMS model was run after preparing and supplying the required input 
parameters. The SCS loss method was applied to calibrate the model using the 
observed discharge values at the basin outlet obtained by Müller (2008) for the 
Gottleuba Catchment on the occasion of the Saxon flood event in August 2002. 
The observed hydrograph is shown in Figure 4.30. HEC-HMS simulated the 
runoff hydrograph for the same event. This was subsequently compared with 
the observed hydrograph in order to calibrate the model.  
 
 
 
 
 
 
 
 
 
 
 
              
 
   Figure 4.30: Hydrograph for 13.08.2002 Observed by Müller (2008), Redrawn 
by Elbialy (2011). 
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After fitting the simulated hydrograph to the measured one, the model was 
applied to generate the runoff values for the historical time period of the last ten 
years (from January 2000 to December 2009) using the SMA Loss Method. The 
soil-moisture values, required in the SMA method, were extracted using the 
BROOK90 software. BROOK90 is designed for evaporation and soil water. It 
simulates the water budget on a unit land area at a daily time step and is 
applicable to all land surfaces (hydrological model BROOK90, Federer, 1995). 
Inputs of daily precipitation, global radiation, relative humidity, wind speed, 
maximum and minimum air temperature were applied. An example of the 
plotted results for the year 2002 is shown in Figure 4.31.  
 
 
Figure 4.31: Plotted Results of BROOK 90. SWAT: Soil Water.   
 
The obtained runoff results were used to validate the model in comparison to 
the observed discharge values at the Neundorf Hydrologic Station which is 
located in the East of the Gottleba Catchment. The simulated hydrograph was 
compared to the observed hydrograph as shown in Figure 4.32. The model 
performance was checked by two means of evaluation criteria namely, Root 
Mean Square Error (RMSE) and Theil‟s Coefficient (U) using the following 
formulas as given by Naylor (1970); Equations (31) & (32). The results are listed 
in Table 4.6. 
 
 
 
4 Procedure of Application 
98 
 
Year
00  01  02  03  04  05  06  07  08  09  10  
F
lo
w
 (
m
3
/s
)
0
20
40
60
80
100
Simulated
Observed
RMSE =    
1
n
  (Si −  Oi)²
n
i=1
                   (31) 
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Where: Si = the simulated runoff records from the model,  
            Oi = the observed runoff records, and 
             n = the number of records.  
 
The RMAE statistics have as the lower limit, the value of zero, which is the 
optimum value for them as it is for U. The smaller the RMSE value the better 
the model performance (Jacovides & Kontoyiannis, 1995). 
 
 
Figure 4.32: Simulated Flow versus Observed Flow from 01.01.2000 to 
31.12.2009. 
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Table 4.6:  Model Simulation Results from 01.01.2000 to 31.12.2009. 
 
 
Station Neundorf 
 
Peak flow 
(m³/s) 
Mean flow 
(m³/s) 
RMSE 
(m³/s) 
U 
Simulated 98.4 1.05 
1.62 0.38 
Measured 99 1.17 
  
 
The runoff hydrograph was used as an indicator to evaluate the potential of the 
SAR data for soil-moisture retrieval. Therefore, the soil moisture extracted from 
the SAR data for each sub-basin was applied in the SMA Loss Method to 
determine the runoff hydrographs. In order to perform this evaluation, two 
rainfall periods were supplied to the model according to the obtained SAR data. 
The first was from 31.05.2010 to 31.08.2010. The obtained and the observed 
hydrographs are illustrated in Figures 4.33 & 4.34 and the results listed in Table 
4.7.  The second period was from 17.06.2010 to 31.08.2010. The obtained 
hydrographs were compared to the observed hydrographs of the Neundorf 
station. Hydrographs and accuracies are illustrated in Figure 4.35 and Table 4.8 
respectively. 
 
 
 
 
 
Figure 4.33: Simulated Flow versus Observed Flow from 31.05.2010 to 
31.08.2010 Based on Soil Moisture Extracted from ALOS 
PALSAR Image on 31.05.2010. 
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Table 4.7:  Model Simulation Results from 31.05.2010 to 31.08.2010. 
 
 
Applied SAR 
data from 
31.05.2010 
 
Neundorf 
Station 
 
Peak flow 
(m³/s) 
Mean flow 
(m³/s) 
RMSE U 
ALOS 
PALSAR 
Simulated 42.23 3.67 
1.42 0.09 
Observed 39.40 3.16 
TSX 1.58 0.12 
Simulated 44.20 3.77 
 
 
 
 
 
Figure 4.34: Simulated Flow versus Observed Flow from 31.05.2010 to 
31.08.2010 Based on Soil Moisture Extracted from the TSX 
Image on 31.05.2010. 
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Table 4.8:  Model Simulation Results from 17.06.2010 to 31.08.2010. 
 
 
 
 
 
 
 
Figure 4.35: Simulated Flow versus Observed Flow from 17.06.2010 to 
31.08.2010 Based on Soil Moisture Extracted from the TSX 
Image on 17.06.2010. 
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U 
TSX 
Simulated 43.77 3.92 
1.51 0.11 
Observed 39.40 3.36 
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Chapter 5: Discussion of Results 
 
5.1 Watershed Generation 
 
In numerous studies examined the sensitivity of terrain attributes to DTM data 
source and grid resolution has been and several works explored what resolution 
is needed to accurately represent the key hydrological and geomorphical 
processes operating in selected landscapes (Wolock and Prices 1994; Quinn et 
aI., 1995 & Moore, 1996). In this study high-resolution ALS-DTM 2m was used 
to delineate the boundaries of Gottleuba Catchment. To examine the accuracy 
of the applied DTM, a surveying that yielded elevations at definite points using a 
level device along reference line A-A was carried out under a dense canopy 
located in the middle of the study area. The levelling observations are listed in 
Table 7 in Appendix 1. The reference line profile was drawn as shown in Figure 
5.2; the line slope was estimated as 7.3 %, this value was compared to the 
slope of the same line derived from the applied DTM, which was estimated to 
be 7.5 %. This result achieved a high accuracy of 97 %, subsequently positively 
reflected in the accuracy of the delineated watershed boundaries of the 
Gottleuba Catchment. The total area of the DTM generated watershed was 
198.72 sqkm, the observed area of the watershed from the topographic maps 
obtained from the GeoSN amounts to 194.13 sqkm (see Figure 5.1) which 
corresponds to accuracy of 97.7 %.  
 
DTM reconditioning using the drainage-network topographic dataset and the 
high-resolution ALS-DTM 2m was applied in the AHT. It is an implementation of 
the AGREE method developed at the Center for Research in Water Resources 
at the University of Texas at Austin. AGREE-DTM adjusts the surface elevation 
of the DTM to be consistent with stream coverage. It ’’pushes’’ the raw DTM 
along the stream to create a distinct profile along the streams which otherwise 
does not exist in raw DTMs. This is mainly due to lack of elevation data along 
streams in raw DTMs. The example in Figure 5.3 illustrates a stream cross-
section profile B-B in the original DTM and the generated AGREE-DTM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Generated and Geographic Boundaries of Gottleuba Catchment.  
±
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 Figure 5.2: Reference Line Profile A-A. 
 
 
 
Figure 5.3: Stream Cross-Section Profile B-B.  
 
 
Cross-section B-B in the AGREE-DTM 
Cross-section B-B in the original DTM 
B 
B 
A 
A 
Distance (m)
0 20 40 60 80 100 120 140
E
le
va
tio
n
248
250
252
254
256
258
260
262
264
266
268
270
Col 1 vs Col 2 
 Reference line A-A in the DTM 
 Reference line A-A from surveying fieldwork 
Distance (m)
0 20 40 60 80 100 120 140
El
ev
at
io
n
5
250
255
260
265
270
275
Col 1 vs Col 2 
5  Discussion of Results 
104 
 
5.2 Soil Moisture Extraction 
 
The applied SAR data (TSX data with 9.65 GHz, λ = 3.0 cm, θi = 31˚ and 43˚ 
and ALOS PALSAR data with 1.27 GHz, λ = 25 cm, and θi = 34) in this study 
have different parameters, which mainly govern the behaviour of radar signals 
with the soil moisture. The like-polarisation HH is the common parameter for 
these data; this is because the cross-polarised return is usually weaker than the 
like-polarised return (CCRS RS Tutorial). The backscattering coefficient σ° was 
found to be more sensitive at like-polarisations (VV, HH) compared to cross- 
polarisations (VH, HV) (Bandyopadhyay, 1995). 
 
The direct comparison between the backscattering coefficient and the in-situ 
measured soil moisture shows that σ° increases linearly with soil moisture for 
both TSX and ALOS PLASAR data (confirms previous studies, e.g. Ulaby et al., 
1986 & Baghdadi et al., 2008). The relationship between soil moisture content 
and backscattering coefficient was determined at 43˚, 34° incidence angles and 
9.65 plus 1.27 GHz on 31.05.2010. With the increase in frequency from 1.27 to 
9.65 GHz, the values of the backscattering coefficient from bare soil increases 
from the range of ( -15.58 dB to -13.76 dB) to ( -10 dB to -8.33 dB), but 
sensitivity and correlation were better at 1.27 GHz as compared to 9.65 GHz. 
Therefore, for soil-moisture sensing lower frequencies are preferable to higher 
frequencies. Moreover, lower frequencies have additional advantages like a 
higher penetration capability in soil profile (Troch et al., 1997). For vegetation 
fields, the correlation between soil moisture and backscattering coefficient in the 
case of lower frequency is approximately doubled (R² increases from 0.44 to 
0.85). These results agree with the reported results by Schumullius & Furrer 
(1992); they concluded that the L-band is the better for soil moisture 
determination under vegetation cover.  
 
Furthermore, for bare fields the correlation between the measured soil moisture 
and backscattering coefficient was higher than the vegetation fields for the 
same SAR data type. For ALOS PALSAR data, the coefficient of determination 
for bare soil was 0.91, while in the case of vegetation fields, it equals to 0.85.  
For TSX data, the coefficient of determination for bare soil was 0.82, and for 
vegetation field 0.44.   
 
This confirms the results of Tansly & Millington (2001). They explained that the 
sensitivity of σ° to soil moisture is in general decreased by the presence of a 
vegetation cover due to increased scattering and attenuation of the 
electromagnetic signal. The attenuation is in general a function of the vegetation 
parameters such as plant height, density, water content and shape of the plant. 
In addition, the vegetation layer contributes a backscatter component of its own 
due to volume scattering (Demirican et al., 1992). It is believed that water and 
chlorophyl content of the vegetation is mainly responsible for scattering and 
absorption (Behari, 2005). 
 
The relationship between the measured soil moisture and backscattering 
coefficient extracted from the TSX data on 31.05.2010 (θi = 43˚) and 
17.06.2010 (θi = 31˚) illustrates that σ° increases with the increase of incidence 
angle and soil moisture. With the decrease in incidence angle from 43˚ to 31˚, 
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the values of the backscattering coefficient from bare soil decreases from the 
range of (-10 dB to -8.33 dB) to be (-13 dB to -10 dB), but the achieved 
sensitivity and correlation were better at the lower incidence angle than at the 
higher one.  
 
The measured TDR soil moisture-values were obtained on 31.05.2010, ranging 
between 14.1 and 47.3 %. For the data collected on 17.06.2010, the range of 
the measured soil-moisture values was between 11.2 and 25.3 %. These ratios 
show that the water content of the examined fields on 17.06.2010 were higher 
than the fields examined on 31.05.2010.   
 
As soil moisture increases, the greater dielectric discontinuity between soil and 
air causes higher radar backscattering coefficients. At higher moisture values, 
however, variations reduced due to spatial variability are much lower than at 
lower soil values (Behari, 2005). Figure 6.1 shows a comparison between two 
extracts from the applied TSX data, fields with lower water they content appear 
darker than fields with higher water content. This is due to the increase of the 
radar backscattering coefficient by 3 dB.  
 
 
 
 
     (a)               (b) 
 
          Figure 5.4: a) Extract from TSX Image Obtained on 31.05.2010,  
                        b) Extract from TSX Image Obtained on 17.06.2010.  
 
 
 
For vegetation fields, the correlation between the moisture and backscattering 
coefficient obtained from TSX on 17.06.2010 was higher than the correlation 
obtained from TSX data on 31.05.2010. (R² increased from 0. 44 to 0.56). The 
low value of R² is partly attributed to the surface roughness and partly to the 
crop cover. 
 
The deduced regression equations from the direct relationship between the 
measured soil moisture and backscattering coefficient for each SAR data were 
applied to generate the soil-moisture maps. Forests and urban areas 
represented obstacle to retrieve the soil maps. Hence, subsequently they were 
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excluded from the images and appeared as ’’missed data’’ (white zones). Since 
these missing parts are required as a data entry of the soil moisture for the 
hydrological modelling of each sub-basin, their soil moisture values were 
determined from the nearest neighbour pixels in each corresponding sub-basin 
and subsequently averaged in ArcGIS. 
 
 
5.3 Hydrological Modelling 
 
The observed flow from Neundorf hydrological station was applied to evaluate 
the simulated one from the model. Neundorf station is the nearest station to the 
mouth of the basin (about 5 km), so it represents more than 60 % of the whole 
catchment outlet flow. 
 
The results of the hydrological modelling show that the simulated hydrograph, 
which applied the extracted soil moisture based on the ALOS PALSAR data, is 
more identical to the observed hydrograph than the simulated hydrographs that 
used the extracted soil moisture from the TSX data. Moreover, the simulated 
hydrographs that used the extracted soil moisture from the TSX on 17.06.2010 
with a low incidence angle (31˚) is more precise than the simulated hydrographs 
that used the extracted soil moisture from the TSX on 31.05.2010 with a high 
incidence angle (43˚).  
 
The acquired results from the hydrological modelling confirmed the results 
obtained from the direct comparison between the backscattering coefficient and 
the in-situ measured soil moisture. Furthermore, the use of HEC-HMS as a tool 
to examine the potential of the spaceborne SAR data for the extraction of soil 
moisture fulfilled the suggested methodological requirements. The present 
study is considered one of the earliest which applied this approach.  
 
Meteorological data (precipitation records, global radiation, relative humidity, 
wind speed, maximum and minimum air temperature) were applied to simulate 
the soil moisture values in BROOK 90. The simulated soil moisture values were 
used in the SMA Method to obtain the flow hydrograph for the past ten years. A 
reasonable match between the modelled hydrographs and the observed one 
was achieved with RMSE = 1.62 and U = 0.38.  
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Chapter 6: Conclusions and Recommendations 
 
 
6.1 Conclusions 
 
The present study attempts to investigate the behavior of spaceborne SAR 
signals (TerraSAR-X and ALOS PALASAR-L band) as a function of soil 
moisture over bare and vegetated soil in the Gottleuba Catchment in Saxony, 
Germany. The acquired TSX data were obtained at different incidence angles 
(31° and 43°) with HH like-polarised radar modes, the obtained ALOS PALSAR 
image has an incidence angle 34° and HH polarisation mode. SAR data were 
analysed and compared with field-truth measurements of the soil moisture using 
a TDR - HH2 Moisture Meter. Based on rainfall records, the discharge in the 
Gottleuba Catchment was modelled using the extracted soil moisture values 
from the SAR data in the HEC-HMS software. The watershed boundaries and 
the geometric characteristics of the Gottleuba Catchment were generated using 
a high-resolution ALS-derived DTM (2m).  
 
The results of the present study allow the following main conclusions: 
 
1- The direct comparison between the backscattering coefficient in HH 
polarisation and the in-situ measured soil moisture shows that σ° increases 
linearly with soil moisture; moreover, it reveals a good correlation in bare 
fields. On the other hand, the correlation obtained for grass and crop fields 
was low.  
 
2- The analysis of SAR data confirmed a significantly higher sensitivity of the L-
band radar backscattering coefficient than the TSX to the soil moisture 
content.  
 
3- In SAR images zones with low soil-water content appear darker than the 
high water content zones. Moreover, the TSX backscattering coefficient of 
the same fields is lower for the image with an incidence angle of 31° than 
the image with an incidence angle of 43° but the sensitivity and correlation 
were better at the lower incidence angle than at the higher one. In essence, 
the sensitivity of radar signals increases with increase of soil moisture and 
with the decrease of incidence angle and frequency. 
 
4- Hydrological modelling was applied as an effective tool to assess the 
accuracy of the extracted soil moisture from the different SAR data. 
Furthermore, the simulated hydrographs confirmed the results of the direct 
comparison between the backscattering coefficient and the field 
measurements soil-moisture.   
 
5- A precise basin model is needed to improve the spatial data entry required 
for the HEC-HMS simulation model. Consequently a high-resolution DTM 
has to be applied. 
 
6- Provided the characteristics of the catchment are homogenous in 
meteorological / climatological and geo-parameters, it is justified to use a 
hydrological station which does not represent the whole catchment. 
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7- Based on meteorological data BROOK 90 yields encouraging results for the 
soil moisture simulation, which it is one of the difficult parameters to be 
measured over relatively large catchments in a cost-effective way and on a 
routine basis. 
 
8- GIS and RS proved to be useful and powerful tools that can be implemented 
in soil- moisture mapping and hydrological modelling. 
 
 
6.2 Recommendations 
 
Although simulation models provide a greater range of information, these 
models are only as good as their input data and parameters, and to the degree 
they depict the physical processes involved. In many situations, the analyst 
must guess at values for some model parameters. If frequent surface soil 
moisture data were available, they would be valuable in the calibration and 
verification of models. 
 
The results of the present study allow the following main recommendations: 
 
1- Due to the frequent cancellation of the ALOS PALSAR data orders, it is 
recommended that any further orders should be placed earlier with highest 
priority. In addition, other SAR bands with longer wavelength and lower 
frequency such as P-band are recommended to be used because of their 
high sensitivity to soil moisture make use of its high sensitivity to soil 
moisture. 
 
2- Further analysis should be carried out by integrating the extracted soil 
moisture from the SAR data with the retrieved soil moisture using BROOK 
90 to substitute lake of radar data, especially in forest zones.  
 
3- Soil moisture measurements alone cannot provide all the information 
necessary when dealing with agricultural and hydrologic problems. More 
physical soil properties are required such as surface roughness. 
 
4- The Gottleuba Catchment does not have a hydrological station at its mouth. 
As a result, the overall outflow could not be measured. Therefore, it seems 
important to establish a hydrological station at the mouth of Gottleuba 
Catchment that improves the performance of the hydrological modelling at 
the basin and subsequently helps to avoid flood risks. 
 
5- The spatial data generated from this study can be applied to many other 
hydrological models, such as calculating the peak discharge, to a flood 
forecasting system, for flood risk management, etc. Future studies can use 
the data generated from this research to understand other hydrological 
processes in the Gottleuba Catchment. Moreover, the findings of this study 
can be applied to other areas, which have to consider the appropriate 
parameters. 
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Appendix 1 
 
 
Tables of the measured soil moisture and the retrieved backscattering 
coefficients.  
 
 
           
 Table 1 
 
 
Ploughed / 
Bare Fields 
on  
31.05.2010 
 
 
TDR- measurements (mv %) 
Field1 Field 2 Field 3 Field 4 Field 5 Field 6 
16.10 16.60 15.88 15.12 14.10 15.93 
16.20 16.82 16.68 15.13 14.31 16.83 
16.70 16.92 16.71 15.40 14.34 16.97 
17.20 17.29 16.90 15.60 14.51 16.97 
17.30 17.80 16.94 16.21 14.56 17.88 
17.32 18.20 17.85 16.35 14.98 17.98 
18.80 18.50 17.87 16.90 15.72 18.87 
18.82 18.80 17.90 17.21 15.79 18.90 
S.D 1.27 1.06 1.04 1.17 1.02 1.14 
mv (average) % 17.72 17.97 17.48 16.41 15.17 17.78 
σ° (TSX) dB -8.33 -8.78 -9.05 -9.56 -10.00 -9.00 
 
 
 
 
 
 
 Table 2 
 
Grassland / 
Vegetations  
on  
31.05.2010 
  
TDR- measurements (mv %) 
Field 1 Field 2 Field 3 Field 4 Field 5 Field 6 
40.40 36.4T0 36.90 37.00 33.60 37.30 
40.80 38.80 38.70 37.70 36.80 37.40 
41.90 39.10 39.50 38.90 38.10 38.30 
44.40 39.20 40.70 39.00 41.20 40.50 
44.80 39.28 40.80 40.10 42.00 40.60 
44.90 40.70 41.60 41.50 42.00 41.20 
46.30 42.90 41.80 41.90 42.20 41.30 
47.30 42.90 41.80 42.70 42.20 42.30 
S.D 2.54 2.19 1.74 2.05 3.24 1.92 
mv (average) % 43.85 39.91 40.22 39.85 39.76 39.86 
σ° (TSX) dB -11.33 -13.22 -12.00 -11.93 -12.22 -13.11 
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   Table 3 
 
Ploughed / 
Bare Fields  
on  
31.05.2010 
  
TDR- measurements (mv %) 
Field 1 Field 2 Field 3 Field 4 Field 5 Field 6 
16.10 16.60 15.88 15.12 14.10 15.93 
16.20 16.82 16.68 15.13 14.31 16.83 
16.70 16.92 16.71 15.40 14.34 16.97 
17.20 17.29 16.90 15.60 14.51 16.97 
17.30 17.80 16.94 16.21 14.56 17.88 
17.32 18.20 17.85 16.35 14.98 17.98 
18.80 18.50 17.87 16.90 15.72 18.87 
18.82 18.80 17.90 17.21 15.79 18.90 
19.16 19.30 18.90 17.51 16.28 19.65 
19.60 19.53 19.19 18.71 17.16 17.78 
S.D 1.27 1.05 1.04 1.17 1.02 1.14 
mv (average) % 17.72 17.97 17.48 16.41 15.17 17.78 
σ° (ALOS) dB -13.76 -13.95 -14.45 -14.90 -15.58 -14.24 
 
 
 
 
 
 
 
 
  Table 4 
 
Grassland / 
Vegetations  
on  
31.05.2010 
  
TDR- measurements (mv %) 
Field 1 Field 2 Field 3 Field 4 Field 5 Field 6 
40.40 36.4T0 36.90 37.00 33.60 37.30 
40.80 38.80 38.70 37.70 36.80 37.40 
41.90 39.10 39.50 38.90 38.10 38.30 
44.40 39.20 40.70 39.00 41.20 40.50 
44.80 39.28 40.80 40.10 42.00 40.60 
44.90 40.70 41.60 41.50 42.00 41.20 
46.30 42.90 41.80 41.90 42.20 41.30 
47.30 42.90 41.80 42.70 42.20 42.30 
S.D 2.54 2.19 1.74 2.05 3.24 1.92 
mv (average) % 43.85 39.91 40.22 39.85 39.76 39.86 
σ° (ALOS) dB -14.98 -15.78 -15.73 -15.57 -15.42 -15.63 
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    Table 5 
  
Ploughed / 
Bare Fields  
on 
17.06.2010 
  
TDR- measurements (mv %) 
Field 1 Field 2 Field 3 Field 4 Field 5 Field 6 
16.14 19.80 16.61 10.96 10.59 12.85 
17.08 19.92 16.80 12.70 11.29 13.95 
17.19 20.78 17.86 12.82 13.24 14.25 
18.20 21.02 18.59 13.20 13.42 14.25 
18.29 22.24 18.71 13.72 13.64 14.75 
18.83 22.30 20.40 13.74 14.38 14.75 
18.93 24.92 20.60 14.70 14.51 15.35 
20.34 25.32 20.95 15.42 15.20 15.67 
S.D 1.31 2.11 1.70 1.35 1.59 0.87 
mv (average) % 18.12 22.04 18.82 13.41 13.28 14.48 
σ° (TSX) dB -10.77 -10.00 -11.44 -13.00 -12.77 -11.80 
 
 
 
 
 
 
 
 
      Table 6 
 
Grassland / 
Vegetations  
on 17.06.2010 
  
TDR- measurements (mv %) 
Field 1 Field 2 Field 3 Field 4 Field 5 Field 6 
15.12 18.78 16.10 12.85 13.19 15.23 
16.21 20.73 16.80 13.95 14.24 15.41 
17.13 22.32 17.60 14.25 14.28 16.13 
17.13 22.38 18.10 14.25 15.19 16.14 
17.15 22.43 18.90 14.75 15.28 16.18 
17.42 23.10 20.50 14.75 16.18 16.22 
18.28 23.12 20.60 15.35 16.68 16.95 
18.58 23.45 21.70 15.67 17.26 17.16 
S.D 1.10 1.56 1.99 0.87 1.37 0.66 
mv (average) % 17.13 22.04 18.79 14.48 15.29 16.18 
σ° (TSX) dB -10.78 -10.43 -11.44 -13.25 -14.77 -14.68 
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Table 7: Levelling Field Work
Station Backsight 
Interme- 
diate 
Foresight 
Depression 
(m) 
Levels 
Distance 
(m) 
1  0.07    267.5 0 
2  0.84  0.77 266.73 5 
3  1.77  0.93 265.8 10 
4  2.43  0.66 265.14 15 
5  3.15  0.72 264.42 20 
6 0.33  3.85 0.70 263.72 25 
7  1.00  0.67 263.05 30 
8  1.70  0.70 262.35 35 
9  2.40  0.70 261.65 40 
10  3.15  0.75 260.90 45 
11 0.60  3.97 0.82 260.08 50 
12  1.21  0.61 259.47 55 
13  1.94  0.73 258.74 60 
14  2.56  0.62 258.12 65 
15  3.32  0.76 257.36 70 
16 0.42  3.89 0.57 256.79 75 
17  1.09  0.67 256.12 80 
18  1.67  0.85 255.54 85 
19  2.15  0.48 255.06 90 
20  2.88  0.73 254.33 95 
21  3.52  0.64 253.69 100 
22 0.45  4.00 0.48 253.21 105 
23  1.06  0.61 252.6 110 
24  1.78  0.72 251.88 115 
25  2.47  0.69 251.19 120 
26  3.21  0.74 250.45 125 
27    3.88 0.67 249.78 130 
A
p
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en
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          Table 8: TDR Verification  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
 
Container 
weight 
(gm) 
weight of 
(wet 
sample + 
container) 
(gm) 
weight of 
(dry 
sample + 
container) 
(gm) 
Gravimetric 
Soil 
Moisture  
% 
Sample 
volume 
(cm³) 
Sample 
weight 
(gm) 
Bulk 
Density 
% 
Volumetric 
Soil 
Moisture % 
TDR 
Readings 
% 
RMSR 
% 
1 447.6 628.39 605.59 14.43 98.175 157.99 1.61 23.22 23.5 
0.98 
2 364.99 552.56 518.45 22.23 98.175 153.46 1.56 34.74 33.9 
3 42.29 221.74 190.03 21.46 98.175 147.74 1.50 32.30 33.9 
4 449.7 608.74 581.42 20.74 98.175 131.72 1.34 27.83 28.6 
5 42.2 214.5 183.6 21.85 98.175 141.4 1.44 31.47 32.3 
6 138.8 317.68 285.16 22.22 98.175 146.36 1.49 33.12 31.5 
7 137.57 306.34 275.02 22.79 98.175 137.45 1.40 31.90 29.5 
8 140.69 316.6 284.51 22.31 98.175 143.82 1.46 32.69 32.5 
9 139.73 319.75 286.02 23.06 98.175 146.29 1.49 34.36 33 
10 138.88 307.46 280.23 19.26 98.175 141.35 1.44 27.74 24.5 
1
2
7
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Appendix 2 
 
 
Photos of the Tested Fields  
 
 
All photos were taken by the author on the Gottleuba Catchment fields, south of 
Pirna, Saxony, Germany. May/June 2010. 
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Recently Sown Corn Field 
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Vegetated Corn Field 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
                
Grassland  
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